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I. PREFACE 

Our o b j e c t i v e  i s  twofold. F i r s t ,  we  a r e  developing procedures 

f o r  d e t e c t i o n  and assay  of enzymes i n  s o i l  s u i t a b l e  for  presumptive 

t e s t s  of l i f e  i n  p l ane ta ry  s o i l s .  I n c i d e n t a l l y ,  t h i s  r e q u i r e s  use 

of enzyme-subs t r a t e s  that a r e  s t a b l e  t o  h e a t ,  moisture  and s torage .  

We have shown previous ly  t h a t  urea, a s  a s u b s t r a t e  f o r  urease,  meets 

these  requirements  very s a t i s f a c t o r y .  Second, we a r e  explor ing  the 

behavior of enzymes i n  non-c lass ica l  ( s o l u b l e  enzyme and in so lub le  

s u b s t r a t e )  systems. 

and i n  o the r  heterogeneous,  s t r u c t u r a l l y  r e s t r i c t e d  systems analogous 

t o  those found i n  c e l l s  and i n  s o i l s .  

These include enzyme a c t i o n  a t  su r f aces  i n  g e l s  

The Martian environment has a l imi t ed  moisture  conten t  and any 

b i o l o g i c a l  r e a c t i o n s  poss ib ly  take p l ace  a t  i n t e r f a c e s  and on su r faces  

i n  an environment of r e s t r i c t e d  water a v a i l a b i l i t y .  A study of su r face  

e f f e c t s  i n  the  hydro lys i s  of  incolubel  s u b s t r a t e  by adsorbed enzyme 

(hydro lys i s  of c h i t i n  by c h i t i n a s e )  is  being continued i n  order  t o  

i n v e s t i g a t e  some of the f ac to r s  i n f luenc ing  r e a c t i o n s  a t  i ne r f aces .  

Emphasis has  been placed on the d e t e c t i o n  of urease a c t i v i t y  

because of t he  probably pr imordial  o r i g i n  of urea as an  organic  sub- 

s t a n c e ,  because of i t s  s t a b i l i t y  as an enzyme s u b s t r a t e ,  and because 

of  t he  ub iqu i ty  of s o i l  urease i n  the terrestr ia l  environment. 

Urease i n  soils h a s  shown a high r e s i s t a n c e  t o  high energy 

e l e c  tron-beam i r r a d i a t i o n ,  urease a c t i v i t y  has been recovered i n  over 

9000 years  o l d  permafrost  s o i l  samples, and the hydro lys is  of urea by 

urease  i n  media of low water a v a i l a b i l i t y  i s  d e t e c t a b l e  a t  60$ 
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r e l a t i v e  humidity and measurable hydro lys i s  o f  urea occurs  i n  s o i l s  a t  

80$ r e l a t i v e  humidity and above. 

i n d i c a t e  t h a t  t he re  e x i s t s  i n  s o i l  an  e x t r a c e l l u l a r  and enzymologically 

a c t i v e  moity of urease.  Methods are being developed f u r t h e r  f o r  t h e i r  

p o s s i b l e  use f o r  the  d e t e c t i o n  of such a c a t a l y s t  i n  the Martian 

e n v i r  oniilen t . 

These observa t ions ,  among o t h e r s ,  

Theore t i ca l  a spec t s  of t h e  k i n e t i c s  of enzyme r e a c t i o n s  i n  h e t e r o  

geneous systems a r e  reviewed and discussed.  

PERSONNEL 

The p a r t i c i p a n t s  i n  the c u r r e n t l y  r epor t ed  phase  of  t h i s  p r o j e c t  

inc luded  Professor  A.D. McLaren, D r .  J . J .  Skuj ins ,  M r .  A.H. P u k i t e ,  

Miss C. Wolf, M r .  W.H. Brams, and Miss Renee Zin-May Sung. 
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A. SURVEY OF ENZYME ACTION I N  HETEROGENEOUS SYSTEMS 

Part 11 

Part I of "Survey of Enzyme Action i n  Heterogeneous Sys terns" 

included sect ions  I, 11, and I11 and appeared i n  our previous, the 

Seventh Semiannual Progress Report. 

Part 11, appearing i n  this progress report,  includes sec t ions  

I V  and V and a bibliography. 
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OUTLINE OF 

"Survey of Enzyme Action i n  Heterogeneous Sys te rn"  

I. INTRODUCTION 
c 

11. ELEMENTARY KINETIC AND THERMODYNAMIC FEATURES 

Y A. Some rate  equat ions  

B. Locus e f f e c t s  

111. REACTIONS W I T H  COACERVATES, SWOLLEN GELS, OILS ETC. 

A. Action of so lub le  enzymes on in so lub le  s u b s t r a t e s .  

1. Action of enzymes on p ro te ins ,  s t a r c h ,  c e l l u l o s e  and c h i t i n  

2. Action of enzymes on fats,  polymeric e s t e r s  and o ther  non- 

porous s u b s t r a t e s  

3. Action of enzymes i n  coacerva tes  

4. Action of enzymes on adsorbed s u b s t r a t e s  

B. Action of  i n so lub le  enzymes on so lub le  and in so lub le  s u b s t r a t e s  

1. P r o p e r t i e s  of enzymes adsorbed on c l ays ,  g l a s s ,  polymers 

2. P r o p e r t i e s  of covalen t ly  bound enzymes 

a. Bound enzymes i n  suspension 

b. Bound enzymes i n  columns 

3. Bound enzymes i n  f i lms and membranes 

IV. ENZYME ACTION AT L O W  HUMIDITY, I N  THE SOLID STATE AND I N  ICE 

A. Studies  a t  low humidity 

B. S tud ie s  wi th  s o l i d  enzymes 

J 

C. React ions i n  ice and frozen foods 

v. COMPARISON OF SOME NATURALLY OCCURRING BOUND ENZYMES WITH 

SOLUBILIZED ENZYMES 

A. Ce l l  s u r f a c e  enzymes 

B. Subce l lu l a r  enzymes 

1. 

2. K ine t i c s  w i t h  p a r t i c u l a t e  enzymes 

Some remarks on c e l l  pH and s o l u b l e  enzymes 

V I .  BIBLIOGRAPHY 
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IV.  ENZYME ACTION AT LOW HUMIDITY I N  THE SOLID STATE AND IN ICE. 

I I n  s t u d i e s  on growth of microorganisms a t  low humidity i n  pure c u l t u r e ,  
c 

on foods, i n  s o i l ,  and f o r  approaches t o  d e t e c t i o n  of l i f e  on the p l a n e t s  

Y w e  need t o  consider  ques t ions  such as a t  how low a humidity i s  c e l l  dev i s ion  

p o s s i b l e ,  how much water is  required f o r  enzyme func t ion ,  i s  enzyme a c t i o n  

i n  the f rozen  s o l  s t a t e  observable,  as i n  f rozen foods and i n  permafrost  

s o i l s  etc.  (McLaren and Peterson,  1967; P i t t e n d r i g h  e t  al . ,  1966; Meryman, 

1966). I n  a l l  these cases the a c t i v i t y  of water may be c r i t i c a l .  

I 

A. Studies  a t  low humidity. 

I n  working with dry b a c t e r i a ,  fol lowing t h e  a d d i t i o n  of water, one 

must recognize the  need to s w e l l  t h e  c e l l  so a s  t o  expose enzymes held 

on ce l l  membranes t o  the a c t i o n  of water and s u b s t r a t e s  and the poss ib l e  

n e c e s s i t y  of d i l u t i n g  any i n h i b i t o r y  substances p re sen t  i n  cel ls .  The 

a c t i v a t i o n  of b a c t e r i a l  enzymes by water can be a sc r ibed  t o  the formation 

of a n  a c t i v e  enzyme hydrate.  The hydrogenases of some b a c t e r i a  become 

act ive a t  a water uptake of a few t e n t h s  of a mg water per me of dry bacteria,  

which i s  about t h e  uptake o f  water by p r o t e i n s  exposed t o  one hundred p e r -  

c e n t  r e l a t i v e  humidity. The c a t a l y t i c  a c t i v i t y  of t hese  same b a c t e r i a  

only reaches a maximum "at a concentrat ion of about  3 mg water per mg d ry  

weight  of b a c t e r i a .  It is c l e a r ,  t he re fo re ,  t h a t  t he  i n i t i a l  hydrat ion 

of an a c t i v e  group on the enzyme of t he  b a c t e r i a  cannot i n  i t s e l f  lead t o  

maximum a c t i v i t y ,  the l a t te r  occurring only when the c e l l  i s  s u b s t a n t i a l l y  

r e c o n s t i t u t e d  with water ..." (Couper, Eley and Hayward, 1955). The 

enzyme examined was hydrogenase. 
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A n  i n t ima te ly  mixed d ry  urea-urease powder exposed t o  a i r  con ta in ing  

desc re t e  amounts of water vapor showed a r e l e a s e  of carbon d ioxide  above 

a r e l a t i v e  humidity of 60 percent.  

followed the  water vapor s o r p t i o n  i so therm of urease  and no t  t h a t  of urea.  

It was found t h a t  the minimum amount of water r equ i r ed  f o r  a c t i v i t y  was 

1.3 moles p e r  mole of  s i d e  cha in  po la r  groups of the  urease p r o t e i n  

(Skuj ins  and McLaren, 1967). So i l s  e x h i b i t  urease a c t i v i t y  and these  

r e s u l t s  show t h a t  cons iderable  hydro lys is  of  urea  could  occur i n  " a i r -  

dry" s o i l s  a t  0.8 r e l a t i v e  vapor p re s su re  and above, with a maximum a t  

u n i t  a c t i v i t y  of  water. 

An inc rease  i n  a c t i v i t y  of urease  

Meats must be s t o r e d  below 70 percen t  r e l a t i v e  humidity i n  order  t o  

avoid  enzymatic spoi lage .  I n  f a c t  amylase a c t i v i t y  i n  d r i ed  foods tu f f s  

can take p lace  even a s  low as a t  36 pe rcen t  R.H. provided a f i n e  c a p i l l a r y  

s t r u c t u r e  i s  p r e s e n t  i n  which moisture may condense (Sharp and Rolfe,  1958). 

It would be most worthwhile t o  know these  humidity l i m i t s  f o r  

enzymes n o t  involv ing  water a s  one of the  s to i chemet r i c  r e a c t a n t s  and t o  

s tudy  the migra t ion  of water molecules from po la r  s i t e s  t o  s u b s t r a t e s  fo r  

a l l  enzymes i n  the  absence of l i q u i d  water. Such s t u d i e s  could c o n t r i b u t e  

t o  the  mechanism of enzyme a c t i o n  i n  genera l .  

B. S tud ie s  wi th  s o l i d  enzymes. 

The obse rva t ion  r h a t  s u b s t r a t e s  can, i n  c e r t a i r .  i n s t ances ,  d i f f u s e  

- 

i n t o  c r y s t a l s  of enzymes, can now be extended t o  explore  the s t r u c t u r e  of 

enzymes and the  mechanism of enzyme a c t i o n  (Doscher and Richards,  196'3; 

Wychott e t  a l . ,  1967). I n  the case of  r ibonuclease-S,  the c r y s t a l  l a t t i c e  
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Seems t o  a c t  as a molecular and information can be deduced as t o  the 

number of enzyme binding si tes and t o  a s c e r t a i n  whether d i f f e r e n t  l i gands  

compete f o r  the same s i tes  by X-ray ana lys i s .  It appears  t h a t  c a t a l y t i c  

a c t i v i t y  i s  a p rope r ty  o f  enzyme molecules throughout the c r y s t a l  and 

* 

L 

without  d i s r u p t i o n  of t h e  l a t t i ce .  S t r u c t u r a l  a s p e c t s  of r ibonuclease-S 

related t o  the  a c t i v e  s i t e  a r e  not  markedly changed a s  enzyme molecules 

are d isso lved .  These observa t ions  apply t o  low molecular weight s u b s t r a t e s  

such as c y t i d i n e  2', 3'-phosphate,  Yeast RNA hydro lys i s  probably involves  

enzyme molecules a t  the  s u r f a c e s  of c r y s t a l s .  

The s u b s t r a t e  carbobenzyoxyglycyl-L-phenylalanine has been passed 

through a column conta in ing  c r y s t a l s  of carboxypeptidase-A, c ros s l inked  

with g lu ta ra ldehyde  t o  g ive  an in so lub le  c a t a l y s t .  The p repa ra t ion  is 

much less a c t i v e  than t h e  s o l u b l e  enzyme and the a c t i v i t y  of a similar, 

amorphous enzyme p repa ra t ion  was intermediate .  An absence of d i f fus ion -  

l i m i a t a t i o n  of  r e a c t i o n  k i n e t i c s  were noted provided the  c rys ta l s  were 

small, (The concen t r a t ion  of h a l f  maximum a c t i v i t y  f o r  a l l  samples of 

forms of  carboxypeptidase-A were i n  the  range 0.01-0.02 M. ) 

For the  simple model o f  d i f fus ion  i n t o  a t h i c k  s l a b  coupled with 

chemical r eac t ion ,  Doscher and Richards p r e d i c t  t h a t  the  s t e a d y - s t a t e  

rate w i l l  be a l i n e a r  func t ion  of t he  s u b s t r a t e  concent ra t ion  i n  the  

e x t e r n a l  l i q u i d  provided t h i s  value i s  w e l l  below the Michael is  cons tan t  

f o r  t h e  c r y s t a l l i n e  enzyme. A t  concent ra t ions  above K the r a t e  i~creases 

w i t h  a f r a c t i o n a l  power of s u b s t r a t e  concent ra t ion ,  r a t h e r  than being 

independent  o f  i t  a s  with s o l u t i o n  k i n e t i c s .  

c 

m 
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I n  a r e l a t e d  s tudy,  Kal los  ( ) has measured the a c t i v i t y  of c r y s t a l s  

of chymotrypsin toward acetyl-L-tyrosine hydrazide and ace ty l -L- tyros ine  

e t h y l  e s t e r  as s u b s t r a t e s  i n  80 percent  s a t u r a t e d  ammonium s u l f a t e .  The 

s o l i d  enzyme had about 20 percent  of  the  a c t i v i t y  of so lub le  enzyme i n  

both cases ,  sugges t ing  t h a t  t h e  c r y s t a l l i n e  enzyme was i n  an  a c t i v e  form. 

C. Reactions i n  i c e  and frozen foods. 

Tappel has  summarized cur ren t  knowledge of the k i n e t i c s  of enzymes 

i n  f r o z e n  systems ( ). Slow f reez ing  g ives  r i s e  t o  l o c a l i z e d  concen- 

t r a t i o n s  of s u b s t r a t e  and enzyme i n  s m a l l  l i q u i d  poo l s ;  t h i s  l o c a l i z a t i o n  

g ives  r ise t o  the  more r ap id  r a t e  o f  the  f rozen  system over supercooled 

s o l u t i o n s  a t  -4.2 C. 

geneous and i n i t i a l  rates of t h e  peroxidase-catalysed ox ida t ion  o f  

qu iaco l  are less than t h a t  i n  supercooled l i q u i d .  Unlike the r e a c t i o n  

0 When rap id ly  f rozen  the  r e a c t i o n s  remain homo- 

i n  ice, r e a c t i o n s  i n  supercooled l i q u i d s  proceed u n t i l  the  r e a c t a n t s  a r e  

exhausted.  Many f a c t o r s  can con t r ibu te  t o  the inc rease  i n  Xrrheimus 

f a c t o r s  below f r eez ing  temperatures such as polymerizat ion of enzyme, changes 

i n  the  i o n i z a t i o n  of a l l  spec ies ,  conversion of enzymes t o  a l t e r n a t e  

conformational  isomers,  etc.  Qua l i t a t ive  s t u d i e s  on many e n z p s  a r e  

summarized i n  a new monograph (Meryman). 

Freezing has  been observed to  a c c e l e r a t e  o ther  c a t a l y s e d  r e a c t i o n s ,  

i nc lud ing  hydro lys i s ,  aminolysis ,  ox ida t ion  and peroxide decomposition. 

With benzoyl-L-argenine e t h y l  e s t e r ,  the  ra te  of formation of the 

corresponding hydroxamic a c i d  catalysed by t r y p s i n  a t  l 0 C  i n i t i a l l y  
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exceeded t h a t  a t  -18 but  then became less as t h e  n a t u r e  of t he  r e a c t i o n  

changed t o  hydro lys i s  to  t h e  amino ac id .  

both change v e l o c i t y  and chemical pathway fol lowing f r eez ing  of  the 

system (Grant and Alburn, 1966). 

area s e e  Jos lyn  (1949). 

Thus an  enzyme r e a c t i o n  may 

For a surnmary of pioneer  work i n  t h i s  

0 
Inve r t a se  a c t i o n  has  been observed a t  -18 i n  f r u i t s  but  no t  a t  

-4OOC ( Jos lyn  and Marsh, 1933). 

has  c a t a l y t i c  p r o p e r t i e s ,  however (Grant ,  1966), a s  fo r  example i n  

promoting the hydro lys i s  of glutamine, b u t  s u i t a b l e  c o n t r o l s  may no t  

always be conceptua l ly  clear. Tissues  p re sen t  formidably complex 

systems f o r  a n a l y s i s .  

I t  has  been suggested t h a t  ice per s e  

V. COMPARISON OF SOME NATURALLY OCCURRING BOUND ENZYMES WITH 

SOLUBILIZED ENZYMES. 

Considerable  i n t e r e s t  i n  t h e  l o c a l i z a t i o n  of  enzymes i n  and on ce l l s  

(Ho l t e r ,  1952) (Alexander, 1956) (Rothstein,  1954) (Krebs, 1962) i s  being 

shown. 

of some of t h e  t h e o r e t i c a l  f ea tu re s  encountered above. 

I n  t h i s  s e c t i o n  examples w i l l  be c i t e d  t o  i l l u s t r a t e  a p p l i c a b i l i t y  

A. Cell  s u r f a c e  enzymes. 

A t t en t ion  has been c a l l e d  t o  the  s i m i l a r i t y  between the  pH a c t i v i t y  

cu rves  of c e r t a i n  enzymes r eac t ions  i n  i n t a c t  ce l l s  and mitcchendria  and 

those  observed i n  s o l u t i o n  (Rothstein,  1954). 

i t  h a s  been suggested t h a t  with t r eha la se ,  l a c t a s e ,  and inve r t a se  of 

y e a s t  t h a t  the enzymes concerned must be p e r i p h e r a l l y  loca t ed  i n  the c e l l .  

Because of  t h i s  s i m i l a r i t y  
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The assumptions a r e  (i) t h a t  the i n t e r n a l  pH of the c e l l  is  almost 

independent of the e x t e r n a l  pH of ambient b u f f e r ,  (ii) t h a t  the per- 

m e a b i l i t y  of the ce l l  membrane to  s u b s t r a t e  is independent of pH, and 

(iii) t h a t  the extremes of pH do no t  k i l l  ce l l s .  These assumptions a r e  

a l l  v a l i d  with y e a s t  (Ro ths t e in ,  1954, Wilkes and Palmer, 1932). Since 

a charged s u r f a c e  of a c e l l  w i l l  e i t h e r  a t t rac t  o r  r e p e l  hydrogen ions,  

depending on the s i g n  of the charge, a n  enzyme a c t i n g  on t h e  s u r f a c e  w i l l  

be exposed to, and perhaps i n  equ i l ib r ium with a hydrogen-ion a c t i v i t y  

d i f f e r i n g  from t h a t  o f  ambient so lu t ion .  I n  F i g .  2 a r e  p l o t t e d  da t a  

from the paper of Wilkes and Palmer (1932) f o r  the e f f e c t  of pH on 

i n v e r t a s e  a c t i v i t y  of y e a s t  ce l l s  and of i s o l a t e d  enzyme, with the 

expected A p H .  More r e c e n t  work with a d i f f e r e n t  approach has v e r i f i e d  

the  conclusion t h a t  i n v e r t a s e  i s  loca t ed  on the s u r f a c e  of y e a s t  c e l l s  

(Dennis e t  a l . ,  1954). 

Burstrom has observed a s p l i t t i n g  of sucrose by wheat r o o t s ;  t he  

h y d r o l y s i s  proceeds by enzyme a c t i o n  a t  the r o o t  su r f ace .  The r o o t  s u r f a c e  

i s  nega t ive ly  charged and one way of decreasing i@H is by inc reas ing  the 

e x t e r n a l  s a l t  c o n c e n t r a t i o n  a t  constant  pH 6. A comparison of columns 2 

and 3 i n  Table VI1 shows " t h a t  t h e  ra te  of hydro lys i s  c l o s e l y  follows 

t h e  hydrogen ion  concen t r a t ion  on t he  r o o t  su r f ace ,  independently of 

t h e  e x t e r n a l  pH." Root enzymes, such a s  s u r f a c e  (epidermal)  phosphatase 

e x h i b i t  t y p i c a l  Michaelis-Kenten k i n e t i c s ,  equa t i cn  6, i:: vivo a s  +--+- .A LCP c c u  

w i t h  exc i sed  t i s s u e  (Estermann and McLaren, 1961). 

-- 
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B. Subce l lu la r  enzymes 

1. Some remarks on c e l l  pH and so lub le  enzymes. 

Some c e l l u l a r  enzymes a r e  i n  the  f l u i d  p o r t i o n  of c e l l s  (Ho l t e r ) .  

These a r e  exposed t o  the  i n t r a c e l l u l a r  pH and redox p o t e n t i a l  and i n  

l a r g e  c e l l s  t h i s  may have some average meaning. 

pH (pHi) of ( r e s t i n g )  S. c e r e v i s i a e  is  5.8 as  a whole and the  bu f fe r ing  

power of the c e l l  i s  considerable .  

glucose i s  nea r ly  independent of pl$, over a wide range (Ingram, 1955). 

The buf fe r ing  power r e s i d e s  more i n  salts  than p r o t e i n s ,  and on 

prolonged fermentat ion the  I n t e r i o r  pH value may exceed 6 whereas a t  

t he  outer  l a y e r s  a drop t o  4.2 may occur.  

The i n t r a c e l l u l a r  

- 
Thus the enzyme system fermenting 

Considering the r a t e  of r e a c t i o n  i n  the s teady  s t a t e  of reduced 

py r id ine  nuc leo t ides  i n  y e a s t ,  and assuming t h a t  K f o r  the r e a c t i o n  

€I+) (DPNH) (ace ta ldehyde)  K = (  
( DPN') ( e  thanol  ) 

is  t h e  same i n  vivo as i n  v i t r o ,  chance c a l c u l a t e d  an i n t r a c e l l u l a r  

pH about two u n i t s  h igher  than  expected from s o l u t i o n  s t u d i e s  ( 1. 

The a c t i o n  of xanthine oxidase has  been compared i n  a normal 

environment, lymphocytes, w i t h  a c t i o n  i n  a s y n t h e t i c  medium fol lowing 

c e l l u l a r  des t ruc t ion .  Since the Arrhenius a c t i v a t i o n  energy was 

about  the same with cells  (20,000 cal /mole)  and i n  s o l u t i o n  (13,300 

ca l /mole)  and i n  the  range of  t h a t  normally found with enzymes, i t  

w a s  concluded t h a t  pass ive  t r anspor t  of the s u b s t r a t e ,  xanthine ac ross  

t h e  c e l l  membranes was not  r a t e - l i m i t i n g .  For i n t a c t  c e l l s  K was 

1.8 x and i n  s o l u t i o n  K w a s  2.0 x loe5; Michaelis-Menten 

m 

m 
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k i n e t i c s  were observed i n  both experiments. These r e s u l t s  (Ultmann 

e t  al., 1960) can be in te rpre ted  t o  mean t h a t  some c e l l u l a r  enzymes 

a r e  i n  micro-environments no t  d i f f e r ing  d r a s t i c a l l y  from tes t - tube  

experiments. 

On the  o ther  hand, many enzymes i n  c e l l s  a r e  assoc ia ted  f o r  the 

most p a r t  with spec ia l ized  s t ruc tu res ,  the inner c e l l  membranes, 

r e t i c u l a r  networks (giving r i s e  t o  microsomes by rupture) ,  mitochondria, 

e t c .  (Hodge e t  al . ,  1957). 

t o  see how reac t ion  sequence could be cont ro l led  (Schneider e t  a l . ,  

1955). 

determine, f o r  example, the  pH optima of conjugated (pH = 7-8) and 

d i s soc ia t ed  (pH = 9.5) malic oxidase s t i l l  a t tached  t o  p a r t i c l e s  of 

t he  cyclophorase system (Huennekens, 1951). 

I f  t h i s  were not  the case i t  i s  d i f f i c u l t  

The state of the enzyme i n  o r  on such a p a r t i c l e  seems t o  

The meaning of pH i n  small p a r t i c l e s  breaks down as  pH is a 

s t a t i s t i c a l  concept (Baum, 1967). For example, a p a r t i c l e  0.5 i n  

diameter with a continuum of pH throughout the  i n t e r i o r  and i t s  

surroundings of p€$ = 7 would have room fo r  only about 4 hydrogen 

ions.  I f  the p a r t i c l e  contained pro te in ,  then the  p robab i l i t y  t h a t  

an ac t ive  center  of an enzyme involving a carboxyl group would be 

ionized may depend on how close to  the  -COOH group may be located 

one o r  more amrmonium groups. These charged amnonium groups could 

r e p e l  hydrogen ions  and a l t e r  the pK of the carboxyl group and hence 

the  pH optimum exhib i ted  by the enzyme. 

p r o t e i n  make-up of the p a r t i c l e ,  such as by f reez ing  or  thawing 

could change the  pH optimum by changing the r e l a t i v e  pos i t ions  of 

Any reorganizat ion of the  
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t h e  ion iz ing  groups which a r e  p a r t s  of  the  a c t i v e  c e n t e r s  involved 

i n  enzyme a c t i o n .  

i n  pH optimum of a c o n i t a s e  i n  s o l u t i o n  and a s  p a r t  of i n t a c t  

mitochondria of Lupinus a l b u s  (Estermann, e t  a l . ) .  The d i f f e r e n c e  

i s  j u s t  oppos i te  t o  t h a t  expected from the  e l e c t r o p h o r e t i c  d a t a  of 

Table I, assuming the  enzyme t o  be only on the  s u r f a c e  of mitochondria.  

That is ,  t h e  pH optimum of  t h e  acon i t a se  i n  the  mitochondria is below 

pH = 6 

al though the  p a r t i c l e  i s  nega t ive ly  charged e x t e r n a l l y .  Ergo, the  

enzyme i s  not  a c t i n g  a t  the su r face  of t h e  p a r t i c l e .  

Such a cons ide ra t ion  may account  f o r  the d i f f e r e n c e  

whereas t h a t  of the  s o l u b i l i z e d  enzyme is  above pH = 7, 

The f a c t  t h a t  a c o n i t a s e  i n  l up ine  mitochondria has a pH optimum 

of  5.8 while  the  enzyme ex t r ac t ed  ou t  has one a t  7.0 (Estermann e t  a l . )  

could be a l s o  due t o  the  pH a c t i v i t y  curve of t he  enzyme per  s e  being 

superimposed on the  pH curve of t he  pe rmeab i l i t y  curve of s u b s t r a t e  

i n t o  mitochondria,  however (S iekevi tz ,  1962). 

I n c i d e n t a l l y ,  it i s  f r equen t ly  t h e  p r a c t i c e  t o  f r a c t i o n a t e  c e l l u l a r  

homogenates and t o  a t tempt  to  account q u a n t i t a t i v e l y  f o r  the  d i s t r i b u t i o n  

o f  an enzyme among the f r a c t i o n s  by observa t ions  of enzyme a c t i v i t y  a t  a 

g iven  pH,,. 

p a r t i c u l a t e  t o  another ,  obviously the  t o t a l  a c t i v i t y  of t he  i n t a c t  

t i s s u e  w i l l  n o t  equal  the  sum of the  ind iv idua l  a c t i v i t i e s  a s  -Y 

I f  t he  pH optimum i s  d i f f e r e n t  from one s u r f a c e  o r  

measured a t  a f i x e d  pH,,. 

I n  b a c t e r i a  t he  d i f f i c u l t y  of de f in ing  a pHI i s  even more acute ,  

a l though ope ra t iona l  va lues  can  be assigned,  based on i n d i r e c t  

arguments (Dewey, 1966, Pardee e t  a l . ) .  C e r t a i n l y  the growths of 
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b a c t e r i a  are responsive t o  ambient pH, even though t h e  b a c t e r i a l  c e l l  

has a way of maintaining a pH more o r  l e s s  independent of e x t e r n a l  i 

PH (Dewey). 

A t  the p re sen t  time t h e  problems of the meaning and determinat ion 

of i n t r a c e l l u l a r  pH even of c e l l s  of moderate s i z e  are  s t i l l  being 

explored. That a p o i n t  t o  po in t  v a r i a t i o n  of hydrion "concentrat ion" 

e x i s t s  is  m o s t  probable.  

the po ten t iome t r i c  behavior of simple g e l s  which can be c h a r a c t e r i z e d  

by two f a c t o r s  -- t he  e l e c t r o s t a t i c  i n t e r a c t i o n  among the  i o n i c  

c o n s t i t u e n t s  and the c o n t r a c t i l i t y  of the polymer network. These 

s t u d i e s  should provide u s e f u l  models f o r  desc r ib ing  c e l l  s t r u c t u r e s  

of i n t e r e s t  t o  the enzymologist. I n  substance,  i n  o rde r  t o  r e l a t e  

t h e  pH of bulk s o l u t i o n  t o  the  degree of i o n i z a t i o n ,  a, of the g e l  

Katchalsky and col leagues have been s tudying 

network and the  number of small i o n s  i n  the gel per  monomer 

Katchalsky g ives  
+ 

p + a  [Xg 1 
[ X i 1  P - a  

P% - PHg = 112 log  - = 1 / 2  log  - 

+ 
The s u b s c r i p t ,  g,  a p p l i e s  t o  the g e l  and X- r e p r e s e n t s  

f r a c t i o n s  of un iva len t  small ions. pH d i f f e r e n c e s  between the two 

phases can thus be eva lua ted  from i o n i c  concentrat ions.  The d i f f e r e n c e s  

were found t o  be of t he  o r d e r  of 0.2 t o  1.2 depending on the  i o n i c  

s t r e n g t h  of the e x t e r n a l  so lu t ion .  Although DOnnan's theory cannot 

be expected t o  apply w e l l  to l i v i n g  cel ls ,  s i n c e  they a r e  no t  a t  

thermodynamic equ i l ib r ium,  such equa t ions  may be p e r t i n e n t  t o  two 

phase systems w i t h i n  a c e l l  (Michael and Katchalski ,  1957). 



I n  a review, Shugar has ca l led  a t t e n t i o n  t o  the poss ib le  

influence of A pH on the proper choice of condi t ions f o r  es t imat ing  

enzyme ac t ion  i n  t h i n  t i s s u e  sect ions with histochemical techniques 

(Shugar ) . 

2. Kinet ics  with p a r t i c u l a t e  enzymes. 

Ernster  and Lindberg ( ) offered  two explanations fo r  t h e i r  

observation t h a t  hexokinase has a higher  a c t i v i t y  i n  the presence of 

(absorbed on ? )  mitochondria. 

on the mitochondrial  surface,  the l o c a l  concentrat ion of ATP may be 

increased by a spac ia l  arrangement. O r ,  "working mitochondria 

a c t i v a t e  hexokinase". Siekevitz e t  a l .  (1959) a l s o  observed t h a t  

yeas t  hexokinase bound t o  l i v e r  mitochondria can be many times more 

r e a c t i v e  than the  f r e e  form. An attempt t o  dupl ica te  the phenomenon 

by s u b s t i t u t i n g  paraffin-spheres bear ing sur face  charges i n  place of 

mitochondria f a i l ed :  a l l  of these "model mitochondria", when added 

t o  a hexokinase - subs t r a t e  system, depressed the enzyme a c t i v i t y .  

Perhaps the mitochondria a r e  capable of a s p e c i f i c  r a the r  than simple 

e l e c t r o s t a t i c  i n t e r a c t i o n  w i t h  the  enzyme (Ruchti and McLaren, 1965). 

I f  the hexokinase exh ib i t s  i t s  a c t i v i t y  

A number of cases  a r e  known i n  which an enzyme a c t i v i t y  occurs 

i n  both the  so luble  and mitochondrial f r a c t i o n  of a homogenate and 

i n  which physical  o r  k i n e t i c  proper t ies  support  the  not ion t h a t  these 

a r e  i d e n t i c a l  species:  aconitase i n  lupine mitochondria (Es termann, 

e t  a l . ) ,  l i v e r  a lka l ine  ribonuclease (Beard and Razzell ,  1964), l i v e r  

i s o c i t r i c  dehydrogenase (Henderson, 1965), l i v e r  diapharase (Conover 

and Ernst, 1962), and mitochondrial hexokinase (Rose and Warms, 1967). 

A r e v e r s i b l e  r e l e a s e  of hexokinase from a s c i t e s  tumor mitochondria 
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sugges ts  t h a t  a n a t u r a l  equi l ibr ium p e r t a i n s  (Rose and Warms, 1967). 

Chymotrypsin causes  a l o s s  i n  binding capac i ty  of  t he  enzyme t o  t h e  

p a r t i c u l a t e  without  loss i n  the c a t a l y t i c  p rope r ty  which i n d i c a t e s  

a s p e c i f i c  binding r o l e  f o r  p a r t  of t h e  hexokinase molecule. Added 

g l y c e r o l  kinase competes success fu l ly  with bound hexokinase f o r  ATP, 

whether i t  is der ived  from ox ida t ive  phosphorylat ion o r  from r e a c t i o n  

wi th  added c r e a t i n e  k inase ;  t h i s  sugges ts  t h a t  hexokinase a c t s  on the  

ATP a f t e r  i t  has l e f t  t he  in t rami tochondr ia l  reg ion  of ox ida t ive  

phosphorylat ion.  

Hexokinase k i n e t i c s  depend on the s t a t e  of t he  mi tochondr ia l  envelope 

( L i  and Chien, 1966) and on the binding (Table V) .  

Here vec to r  chemistry i s  man i fe s t ly  involved. 

A d e t a i l e d  comparison of the k i n e t i c  behavior of an enzyme i n  an 
< 

< 1 ’, 
i s o l a t e d ,  so lub le  s t a t e  wi th  i t s  behavior  i n  an in so lub le ,  organized 

p a r t i c u l a t e  i s  t h a t  of  Gawron e t  a l .  

The r e a c t i o n  system chosen is  the  fol lowing.  

L - Chlorosuccinate  + f e r r i c y n i d e  d Chlorofumarate 

(SI ( A )  

I n i t i a l  v e l o c i t i e s ,  v, were measured with s o l u b l e  and with 

p a r t i c u l a t e  enzyme. 

l / v  VS. 11s p l o t s  were l i n e a r  i n  both cases  bu t  d i f f e r  i n  e f f e c t  - 
of f e r r i c y a n i d e  on the  s lopes  of t h e  p l o t s .  

and k i n e t i c  r e l a t i o n s h i p s  a r e  accounted by assuming t h a t  both r e a c t i o n s  

3 and 4 below must be taken i n t o  account with s o l u b l e  enzyme while  

t h e  l a s t  r e a c t i o n  is predominant i n  the  p a r t i c u l a t e  system, v i z ,  

The i n i t i a l  r a t e  da t a  



E + S .  - ES 
ES - E"P 
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. 

where E" and E"P a r e  reduced enzyme spec ie s .  

I n  one r e a c t i o n  the  reduced enzyme is  oxid ized  by f e r r i c y a n i d e  

a f t e r  r e l e a s i n g  the  product,  i n  t h e  o t h e r  r e a c t i o n ,  before .  

Ev iden ta l ly  the  d i f f u s i o n  of  oxidant  t o  t he  enzymatic s i t e  i s  ra te  

l i m i t i n g  wi th  the  p a r t i c u l a t e  enzyme. 

569, p a r t  i n  bibl iography,  (1962) I .  

[Cf. Minkami e t  a1.J .B.C.  237, - 

The a d d i t i o n  of calcium ions t o  mitochondria suspensions 

con ta in ing  s u c c i n a t e  can cause a more r a p i d  oxygen uptake and a 

p a m e a b i l i t y  change. Thus, although fumarate is no t  f r e e l y  a v a i l a b l e  

t o  the  dehydrogenase i n  i n t a c t m i t o c h o n d r i a ,  i t  becomes f r e e l y  

a v a i l a b l e  as a compet i t ive  i n h i b i t o r  of the dehydrogenase i n  calcium 

c h l o r i d e - t r e a t e d  mitochondria (Gutfreund and Jones,  1964). 

a l s o  p l ays  a major r o l e  i n  d i f f e r e n c e s  of fumarase a c t i v i t y  i n  i n t a c t  

and permeable mitochondria,  as do d i f f e r e n c e s  i n  i n t e r n a l  i o n i c  

s t r e n g t h  and phosphate concen t r a t ion  (Alber ty  e t  a l . ,  1954). 

Permeabi l i ty  

It has  been found t h a t  t reatment  of mitochondria  with C f a t t y  

acid (dodecamte) removes the  i n t e r n a l  s t r u c t u r e  and a t  t he  same time 

e l i m i n a t e s  t h e  o x i d a t i o n  of pyruvate by the  enzymes of t h e  c i t r i c  ac id  

cyc le .  This  a d d i t i o n a l  f a c t  s t r e s s e s  t h e  importance of s t r u c t u r e  i n  

some organized a c t i o n s  of enzyme systems (Baker e t  al . ,  1962. The 

s u b j e c t  has  been reviewed by Lehninger, 1966). 

12 
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The maximum allowable cell s i z e  or  volume element length between 

two enzymes ac t ing  on a cormPOn intermediate  has  been ca lcu la ted  from 

elementary p r inc ip l e s  by Weisz (1962). The length depends on the 

concentrat ion and on enzpme turn-over numbers and i t  f a l l s  i n  the 

range 

cell dimensions and up t o  and including many p lan t  and animal c e l l s .  

Many f a c t o r s  can modify these estimates,  such a s  leakage from the 

system, v a r i a t i o n  of d i f fus ion  c o e f f i c i e n t s  from poin t  t o  point,  

branching of metabolic pathways, feedback inh ib i t i on ,  e t c .  (Pardee, 

1962) (B lum and Jenden, 1956). 

t o  lo-* cm , t h a t  i s  lengths  smaller than most b a c t e r i a l  

As subs t r a t e s  increase inmolecular  s i z e ,  the s ieve  ac t ion  of 

polymeric networks i n  c e l l s  can be expected t o  reduce the  c o l l i s i o n  

frequencies w i t h  enzymes and co-factors,  and a s  we have seen with 

the t ryps in-ge la t in  system, one manifestat ion can be an  increase i n  

~n extreme case of t h i s  kind has been analysed by Ts'o and Lube11 Kmo 

(1960). 

amino ac ids  t o  the microsomal p a r t i c l e s  (p)  i n  hemoglobin synthesis .  

The concentrat ion of p a r t i c l e s  and S-RNA i n  the c e l l  was found t o  be 

3 x lom6 
w a s  ca lcu la ted  from Smoluchowski's equation. 

They looked i n t o  the  theory t h a t  S-RNA c a r r i e s  the ac t iva t ed  

and 6 x M, respect ively.  Col l i s ion  frequency, 2, 

It i s  given as  

where D and D a r e  the corresponding d i f fus ion  c o e f f i c i e n t s  ins ide  

the  r e t i cu locy te s ,  N and Nr are the numbers of molecules per cubic 

centimeter,  and R 

term involving the  square roo t  of the d i f fus ion  c o e f f i c i e n t  was 

P r 

P 
and Rs a r e  the e f f e c t i v e  c o l l i s i o n  r a d i i .  (A P 



discarded  a s  i n s i g n i f i c a n t . )  

a random coi l  w a s  used. I n  c a l c u l a t i n g  d i f f u s i o n  c o e f f i c i e n t s  a 

r e l a t i v e  v i s c o s i t y  of 2.1 was u t i l i z e d ,  based on v i s c o s i t y  measurements 

of the  c e l l  f l u i d .  Assuming t h a t  t h e  components exis t  i n  f r e e  form 

i n s i d e  the  c e l l  and t h a t  they d o  n o t  have any s p e c i f i c  i n t e r a c t i o n s ,  

which seems t o  be t h e  case ,  z was c a l c u l a t e d  t o  be 2.2 x lo2' sec . / cc  

c o l l i s i o n s  between the  p a r t i c l e s  and S-RNA. 

For S-RNA, t h e  r a d i u s  of g y r a t i o n  of 

The number of pept ide  bonds formed i n  t h e  p a r t i c l e s  pe r  second 

pe r  cc  of c e l l  volume i s  only 1.1 x 10 15 . (There a r e  1 .4  x 10 15 

p a r t i c l e s  per  cc  and each pept ide  bond r e q u i r e s  1.3 sec.  t o  be 

formed i n  t h e  p a r t i c l e s . )  Now, i f  on ly  10 percent  of t h e  microsomal 

p a r t i c l e s  a r e  a c t i v e ,  and i f  twenty amino a c i d s  a r e  involved, and i n  

t h e  proper  o rde r ,  t h e  col l is ion e f f i c i e n c y  i s  reduced t o  only 0.5 

pe rcen t  of t h a t  ca l cu la t ed .  There i s  a l s o  t h e  requirement t h a t  

enzymes, Mg ions ,  nuc leo t ide  t r iphosphates  e t c .  be p re sen t  i n  non- 

r a t e  l i m i t i n g  amounts. But  i f  more than  0.01 percent  of  the  

c o l l i s i o n s  r e s u l t  i n  amino acid t r a n s f e r ,  the  c o l l i s i o n  frequency is 

s u f f i c i e n t  t o  suppor t  t h e  r a t e  of peptide-bond s y n t h e s i s  which has 

been observed. This  s t o r y  has been extended by Po l l a rd  (1963) t o  

show t h a t  i n  cases  where c o l l i s i o n  numbers a r e  too small, c e l l s  with 

dimensions i n  excess  of one micron w i l l  r e q u i r e  some mechanism t o  

guarantee  c o l l i s i o n :  "Tbe presence of an  a c t i v a t i o n  energy w i l l  

r e q u i r e  t h a t  success ive  r eac t ions  be produced i n  an organized system." 
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I1 EXPERIMENTAL 

A. STUDY OF ORGANIC MATTER EXHAUSTED SOILS. 

This r e p o r t  desc r ibes  t h e  con t inua t ion  of work i n i t i a t e d  on 

organic-matter  exhausted s o i l s  (1). 

Jenkinson (2)  followed the m i n e r a l i z a t i o n  o f  o rgan ic  matter i n  

s o i l s  a f t e r  r epea ted  t reatments  c o n s i s t i n g  of a p a r t i a l  s t e r i l i z a t i o n  

by h e a t i n g  o r  by chloroform vapor followed by i n o c u l a t i o n  with s o i l  

organisms. With success ive  t reatments  the amount of organic  matter 

mineral ized g radua l ly  decreased b u t  even a f t e r  f i v e  t reatments  less 

than f i v e  p e r  c e n t  o f  t h e  t o t a l  o rgan ic  matter had been mineral ized,  

i n d i c a t i n g  t h a t  a l a r g e  p o r t i o n  o f  the organic  matter c o n s i s t e d  of 

material t h a t  w a s  n o t  degradable by microbial  a c t i o n  nor was rendered 

s u s c e p t i b l e  t o  mic rob ia l  degradation by the t r ea tmen t s  used. 

The o b j e c t  of t h e  s tudy  i s  t o  determine whether t h e r e  e x i s t s  i n  

s o i l s  an organic  matter f r a c t i o n  having enzymatic a c t i v i t y  t h a t  i s  

r e s i s t a n t  t o  the deg rada t ive  a c t i v i t i e s  of the s o i l  microorganisms. 

I n  t h i s  s tudy i t  is  important  to d i f f e r e n t i a t e  between enzymatic a c t i v i t y  

r e s i d i n g  i n  t h i s  r e s i s t a n t  f r a c t i o n  and the a c t i v i t y  a r i s i n g  from the 

microorganisms i n  t h e  s o i l  or from m a t e r i a l  s u s c e p t i b l e  t o  microbial  

degradat ion.  Therefore,  i t  is  necessary t o  remove s o i l  organisms and 

t h e i r  a s s o c i a t e d  enzymes. 

t h a t  are r e s i s t a n t  t o  degradation. The method used t o  meet these 

o b j e c t i v e s  i s  a l t e r n a t e l y  t o  s t e r i l i z e  the  s o i l  and then t o  r e i n o c u l a t e  

and incubate i t .  S t e r i l i z a t i o n  w i l l  k i l l  the s o i l  microorganisms and 

The method used must not  des t roy  the enzymes 
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i n o c u l a t i o n  and incuba t ion  w i l l  a l l ow t h e  organisms i n  the inoculum 

t o  feed upon the  k i l l e d  cells  and s u s c e p t i b l e  enzymes. R e p e t i t i o n s  of 

t hese  t reatments  w i l l  y i e l d  a s o i l  i n  which the  o r i g i n a l  mic rob ia l  

populat ion and s u s c e p t i b l e  enzymes have been removed, leaving the 

organic  f r a c t i o n  t h a t  is r e s i s t a n t  t o  t h e  deg rada t ive  a c t i v i t i e s  of 

the s o i l  microorganisms. The hydro lys i s  of urea t o  ammonia and carbon 

dioxide by u rease  was chosen as t h e  enzymatic a c t i v i t y  t o  be followed. 

The g o a l s  of the p r e s e n t  study include determinat ion of t he  number 

of v i a b l e  microorganisms remaining i n  the s o i l s  a f t e r  they have 

r ece ived  chloroform treatments ,  to  determine the e f f i c a c y  of t hese  

t r ea tmen t s  a lone  i n  s t e r i l i z i n g  the s o i l s ,  and t o  decide whether the 

p r e s e n t  p l a t i n g  medium is s u f f i c i e n t  t o  support  t he  growth of micro- 

organisms i n  the t r e a t e d  s o i l s .  

Ma te r i a l s  and Methods 

S o i l s :  The s o i l s  were obtained from D r .  D.S. Jenkinson, Rothamsted 

Experiment S t a t i o n ,  England, and they were the ones used i n  h i s  ex- 

per iments  ( 2 ) ;  they had t h e  code le t te r  "c". 

u n t r e a t e d  "c" s o i l  and a sample of "c" s o i l  which had undergone f i v e  

t r ea tmen t s  of chloroform s t e r i l i z a t i o n ,  i nocu la t ion ,  remoistening and 

incuba t ion ,  the f i f t h  t reatment  followed by a f i n a l  i nocu la t ion ,  

i ncuba t ion  f o r  t e n  days and drying. These two Rothamsted s o i l s  

des igna ted  "untreated" and " t r ea t ed"  i n  the previous r e p o r t  (1) a r e  

des igna ted  "X" and "CV", r e spec t ive ly ,  i n  the p r e s e n t  work. 

We used a sample of 
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S o i l  samples contained i n  beakers were crushed t o  a f i n e  powder 

under s t e r i l e  cond i t ions  using a g l a s s  s t i r r i n g . r o d .  

Dublin s o i l  w a s  a d r y  sieved s o i l  t h a t  had been s t o r e d  a i r -d ry  

f o r  6 years .  

o f  C a l i f o r n i a ,  Berkeley, a i r - d i r e d  crushed and s i eved  (1). 

Oxford s o i l  was obtained from t h e  Oxford Trac t ,  Universi ty  

Chloroform treatment:  A treatment s imilar  t o  t h a t  of  Jenkinson 

i s  used (2) .  

s t e r i l e  water t o  a water content  of about  305, and placed i n  a 

d e s s i c a t e r  l i n e d  with w e t  f i l t e r  paper and con ta in ing  a beaker of 

chloroform t r e a t e d  t o  remove i ts  e thano l  a d d i t i v e  (3). 

The s o i l s  are placed i n  small beakers ,  moistened with 

The d e s s i c a t o r  is evacuated by a water a s p i r a t o r  u n t i l  the 

chloroform begins t o  b o i l  and then i t  i s  sealed.  Af t e r  a few minutes 

t h e  d e s s i c a t o r  i s  aga in  evacuated without  a l lowing a i r  t o  e n t e r  u n t i l  

the  chloroform begins  t o  b o i l ,  and t h i s  process  of success ive  evacuat ions 

i s  r epea ted  s e v e r a l  t i m e s  u n t i l  a l l  the a i r  i n s i d e  t h e  d e s s i c a t o r  h a s  

been r ep laced  by water and chloroform vapor. The d e s s i c a t o r  i s  placed 

i n  the  dark a t  room temperature. Twenty-four hours l a t e r  t he  d e s s i c a t o r  

i s  opened, the beaker of chloroform removed and the t r e a t e d  samples 

are d r i e d  i n  a s t r eam of f i l t e r e d  a i r  t o  prevent  contamination by 

a i r - b o r n e  microorganisms. 

Samples r e c e i v i n g  repeated chloroform treatments  without  i ncuba t ions  

were t r e a t e d  as u s u a l ,  and the a i r - d r i e d  c rea t ed  s o i l  was used as the 

so i l  sample f o r  the next  treatment. 



I n o c u l a t i o n  and incubation: samples of t r e a t e d  X s o i l s  are 

inocu la t ed  by un t r ea t ed  X s o i l ,  and samples of t r e a t e d  CV s o i l  are  

inocu la t ed  by un t r ea t ed  CV s o i l ,  

wi th  5.0 m l  of s ter i le  water, l e t  s e t t l e  one minute, and the suspension 

is  used t o  i n o c u l a t e  t he  s o i l  sample. The s o i l  samples a r e  inocu la t ed  

t o  a water c o n t e n t  o f  30s and s t i r r e d  t o  d i s t r i b u t e  the inoculum 

uniformly. Each inocu la t ed  s o i l  sample i s  placed i n  a 500 m l  c a p a c i t y  

wide-mouth Mason ja r  which contained 5 m l  of water and a tes t  tube 

con ta in ing  5 m l  2N NaOH so lu t ion .  The caps a r e  screwed on t i g h t l y  

and the jars are placed i n  t h e  dark a t  room temperature. The s o i l s  are 

incubated f o r  t e n  days then a r e  removed and d r i e d  under a stream of  

f i l t e r e d  a i r .  

F i f t y  mg of un t r ea t ed  s o i l  i s  shaken 

P l a t i n g  media: A b a s i c  mineral  sa l ts  medium c o n s i s t i n g  of 0.05% 

w a s  prepared t o  which n u t r i e n t s  were added t o  KH PO 

g i v e  a complete growth medium. 

each a t  0.005% or  a t  0.01$, gave O.OO5$ PYE and 0.01% PYE media 

r e s p e c t i v e l y .  The former medium, i n  which 0.005% Difco Casamino a c i d s  

r e p l a c e d  the peptone, gave O.O05$ AA-YE medium. 

prepared from Dublin s o i l  according t o  the  method of Pramer and Schmidt 

(4 )  and MgSO,+, KH2P04, and NH C 1  were added t o  the  e x t r a c t  t o  0.02$, 

0.05s and 0.01% r e s p e c t i v e l y ,  g iv ing  a f o r t i f i e d  s o i l  e x t r a c t .  This  

w a s  d i l u t e d  wi th  t h e  b a s i c  mineral  sa l ts  medium t o  which NH4C1 had been 

added t o  0.01% t o  g ive  0.l$, 1.0$, 105, and 50s concen t r a t ions  of 

f o r t i f i e d  s o i l  e x t r a c t  i n  the augmented mineral  base (SE-base media). 

S i m i l a r l y ,  f o r t i f i e d  s o i l  e x t r a c t  was d i l u t e d  with 0.01% PYE medium t o  

g i v e  SE-PYE media. The f o r t i f i e d  s o i l  e x t r a c t  a lone  was a l s o  used a s  a 

and 0.02% MgSO 2 4  4 
Difco peptone and Difco y e a s t  e x t r a c t ,  

S o i l  e x t r a c t  was 

4 
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c 

c 

p l a t i n g  medium. A l l  media were brought t o  pH 7.0 with NaOH and Difco 

agar  w a s  added t o  1.5% p r i o r  t o  s t e r i l i z a t i o n  t o  prepare  the  complete 

p l a t i n g  medium. 

14 
2 Urease a c t i v i t y  was determined by the  a n a l y s i s  of r e l e a s e d  C 0 

from C14-labelled urea as descr ibed i n  previous r e p o r t s  (1). 

1 g s o i l  sample i n  a p lanchet  was added 10 mg C 

14 Los Angeles) con ta in ing  10 pc C 

0.05 M. 

and t h e  inc rease  of C 0 

Mueller gas-flow tube connected to  a decade s c a l e r  and t o  a count  

14 ra temeter .  In t eg ra t ed  amounts of C 0 i n  the chamber were s t r i p - c h a r t  

recorded. Resul t s  were expressed a s  the r a t e  of i nc rease  of  counts  p e r  

minute (A cpm/m) dur ing  the  f i r s t  100 minutes. 

To a 

-urea(Calbiochem, 
14 

, and 0.5 m l  K-acetate,  pH 5.5, 

The p lanchet  w a s  placed i n  a r a d i o a c t i v e  gas count ing chamber - 
14 i n  t h e  chamber w a s  monitored wi th  a Geiger- 

2 

2 

Resul ts  

The r e s u l t s  of var ious  chloroform treatments on the  microbia l  

numbers and urease a c t i v i t y  i n  t h e  t e s t e d  s o i l s  are given i n  Tables 

I to V I .  
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colonies  /g 

X cv 

Tab le  I 

Microbial  numbers i n  s o i l s  r ece iv ing  a l t e r n a t i n g  chloroform 

t rea tments  and incubat ions.  

urease a c t i v i t y  
A cpm/m/g 

X cv 

Treatment 

Treatment 

s o i l s  a s  
r e c e i v e  d 

co lon ie s  /g 

3 a f t e r  one C H C l  
t rea tment  

soils as 
r e  ce i ve d 

crushed s o i l  

above, p lus  
incubat ion  

X cv 

4.62 x 10 6 4.97 x 10 7 

6.40 x lo6 6.11 x 10 7 

above, p lus  2nd 
C H C l  t rea tment  3 

6 2.82 x io  3.04 107 3.35 .461 

5.62 x lo5 2.96 x 10 1 2.52 .360 

. i l O  

Table I1 

Microbial  numbers i n  uncrushed and crushed s o i l s .  
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Treatment 

Data presented i n  Tables I and I1 were obtained by s t r i c t l y  fol lowing 

Jenkinson 's  procedure (2), i.e., t h e  d e s s i c a t o r s  were no t  completely 

evacuated and chloroform was not brought t o  bo i l ing .  Data p resen ted  

i n  Table 111 e t  seq. was obtained by us ing  chloroform treatment as 

descr ibed i n  "Methods" above. 

-- 

co lon ie s  /g 

X cv 

Table  111 

Microbial  numbers i n  crushed s o i l s  r e c e i v i n g  chloroform 

treatment  as descr ibed.  

s o i l s  as 
r e  ce i v e  d 

7 a f t e r  one CHCl  
t r ea tmen t  1 1.05 x lo6 5.72 x 10 
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mable I V  

Microbial numbers i n  crushed soils rece iv ing  repeated chloroform 

treatments. 

Treatment 

s o i l s  a s  received, 
crushed 

3 a f t e r  one CHCl 
t rea tmen t 

above, plus 
incuba t ion 

above, plus 2nd 
CHC 1 t r e a tme n t 3 
above, plus 
incubation 

co lon ies lg  

X cv 

6.40 x 10 6.11  x 10 7 

1.05 x io  6 5.72 x 10 7 

7 7.97 x 10 8.23 x 10 

7 3.72 x 10 6.13 x 10 

4.04 x 10 7 5.00 107 
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Table V 

Microbial numbers i n  s o i l s  receiving repeated chloroform 

treatments without intervening incubations. 

Treatments 

s o i l s  a s  received, 
crushed 

a f t e r  one C H C l  
treatment 

a f t e r  two C H C l  
treatments 

a f t e r  three CHCl  
t r ea tmen t s 

3 

3 

3 

colonies /g  

X cv 

7 6.40 x 10 6 .11  x 10 

7 8.25 io  6 
1.20 x 10 

6.02 x io 5.20 x 10 7 

7 3.94 x 10 3.00 x 10 
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Table V I  

Effect of p lat ing  medium on numbers of s o i l  organisms counted. 

Medium 

0.005% AA-YE 

0.005% PYE 

0.01% PYE 

0.1s SE-PYE 

O . l $  SE-base 

1.0% SE-PYE 

1.0% SE-base 

IO$ SE-PYE 

10% SE-base 

50% SE-PYE 

5O$ SE-base 

1005 SE 

Average 

Organisms/g x 10 -6 

Dub1 i n  Oxford 

4.31 

4.72 

4.57 

4.77 

4.07* 

4.22 

4.07* 

4.94 

4.81* 

4.94 

5.20 

4.83 

10.9 

8.8 

9.3 

11.6 

4.5" 

8.9 

7.3* 

9.4 

8.5 

13.4 

12.6 

10.0 

4.62 9.6 

* colonies  were smaller than on a richer media.  
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Discuss ion  

The chloroform treatments  p a r t i a l l y  s t e r i l i z e d  the s o i l s  and 

caused a decrease i n  the urease a c t i v i t y  of t he  s o i l  (Tables I and 111). 

The decrease i n  the number of countable organisms d i f f e r e d  f o r  t h e  two 

s o i l s .  

whereas f o r  uncrushed s o i l  CV 97.4% of the organisms remained countable .  

Using crushed samples the values were 16.4% and 93.7% r e s p e c t i v e l y .  

Since CV s o i l  had r ece ived  f i v e  chloroform treatments  by Jenkinson 

p r i o r  t o  i t s  use by us ,  i t s  microbial  populat ion may c o n s i s t  mostly 

of chloroform-resis tant  organisms, the s e n s i t i v e  ones having been 

k i l l e d  by h i s  t reatments .  Therefore,  an  a d d i t i o n a l  chloroform treatment  

by us  would k i l l  r e l a t i v e l y  few organisms. 

by the  d a t a  above and a l s o  by the values  f o r  microbial  numbers follow- 

ing  the second chloroform treatment. Af t e r  t he  second treatment the 

numbers d i d  n o t  decrease,  b u t  i n  f a c t  i nc reased  (23% and 56% f o r  X and 

CV so i l s  r e s p e c t i v e l y ) .  

due t o  the  presence of a i r  during the chloroform treatment.  

For uncrushed s o i l  X, 20% of the organisms remained countable  

This exp lana t ion  i s  confirmed 

The cause of the i n c r e a s e  i s  obscure b u t  may be 

Incubat ion of the chloroform-treated s o i l s  caused an  inc rease  i n  

the  microbial  populat ion of the s o i l s .  For X soil the inc rease  was 

9.54-fold; f o r  CV s o i l  the inc rease  was 1.86-f01d, a s  c a l c u l a t e d  on 

the  b a s i s  of the numbers o f  organisms i n  the s o i l s  as received.  The 

r eason  f o r  the smller increese i n  the cese  of  CV soil sample may be 

t h a t  the t reatments  given t o  t h i s  s o i l  by Jenkinson had r e s u l t e d  i n  the 

exhaust ion of r e a d i l y  a v a i l a b l e  n u t r i e n t  material  so  t h a t  only a l i m i t e d  
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i nc rease  i n  microbia l  numbers could occur upon incubat ion.  Also,  h i s  

t rea tments  may have s e l e c t e d  fo r  a microbia l  populat ion t h a t  can 

u t i l i z e  the  s o i l  o rganic  matter f o r  growth and m u l t i p l i c a t i o n  only  

poorly . 
After  each t rea tment  the urease a c t i v i t y  of the s o i l s  decreased 

(except  f o r  CV s o i l  a f t e r  incubat ion)  i n d i c a t i n g  poss ib l e  i n a c t i v a t i o n  

of urease  by chloroform treatment.  

The number of microorganisms i n  crushed s o i l s  was h igher  than 

t h a t  i n  uncrushed s o i l s  (Table 11). 

f o r  CV s o i l  i t  was 22$ higher .  

s o i l  which may no t  be completely d i s i n t e g r a t e d  during the suspension 

of the  s o i l  f o r  p l a t i n g .  Since t h e  r e l e a s e  of the microorganisms i n t o  

t h e  water used i n  t h e  s o i l  d i l u t i o n s  i s  hindered, underest imat ion of  

t he  number of s o i l  organisms w i l l  r e s u l t .  I n  taking s o i l  samples  f o r  

p l a t e  counts  c a r e  was always taken t o  inc lude  both the f i n e  material 

and the crumbs i n  cons tan t  propor t ion  i n  order  t o  minimize e r r o r s  due 

t o  v a r i a t i o n  i n  crumb size. 

For X s o i l  i t  was 40% higher  and 

Uncrushed s o i l  conta ins  crumbs of 

The c h a r a c t e r i s t i c s  of t he  microbia l  populat ion i n  the  crumbs is  

s i m i l a r  t o  t h a t  i n  the  f i n e  ma te r i a l  of t he  s o i l  s i n c e  the  decrease  i n  

countable  organisms a f t e r  chloroform t rea tment  i n  the crushed s o i l  i s  

s i m i l a r  t o  t h a t  of the uncrushed s o i l ;  namely, 16.4% - vs.20$ f o r  X 

s o i l ,  and 93.7% L vs. 97.4$ fo r  CV s o i l  (Table 111). The decrease i n  

the number of countable  organisms are s l i g h t l y  g r e a t e r  f o r  the crushed 

soil because the modified procedure (namely, as descr ibed i n  "Mater ia ls  

and Methods" above) o f  chloroform t rea tment  w a s  used f o r  t h i s  s o i l .  
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It should be noted t h a t  according t o  Jenkinson 's  method (2)  complete 

evacuat ion of the incubat ion chamber was not  achieved, and, appa ren t ly ,  

the atmosphere was no t  chloroform-vapor s a t u r a t e d ,  In  our modif icat ion 

the chloroform vapor i s  undi luted by any a i r  remaining i n  the d e s s i c a t o r  

and consequently a c t s  more thoroughly as a s t e r i l i z i n g  agent .  

The r e p e t i t i o n s  of chloroform s t e r i l i z a t i o n  and subsequent r e i n -  

o c u l a t i o n  caused t h e  same changes i n  microbial  numbers a s  were observed 

be fo re  (Table I V ) .  The f i r s t  chloroform treatment caused the microbial  

numbers t o  decrease.  Af t e r  i nocu la t ion  and incubat ion the  numbers r o s e  

t o  values exceeding those i n  the s o i l s  i n i t i a l l y .  Further  t reatments  

caused l i t t l e  change i n  the numbers. The r e s u l t s  were s i m i l a r  quan t i -  

t a t i v e l y  t o  those observed before,  i n d i c a t i n g  t h a t  mod i f i ca t ion  of the 

chloroform treatment  did n o t  change i t s  e f f e c t  g r e a t l y .  

Af t e r  the f i r s t  incubation, f u r t h e r  chloroform treatments  caused 

l i t t l e  change i n  mic rob ia l  numbers suggest ing t h a t  the f i r s t  chloroform 

treatment  k i l l e d  a l l  chloroform-sensi t ive microorganisms and l e f t  a 

ch lo ro fo rm- res i s t an t  f r a c t i o n .  This  hypothesis  i s  supported by the d a t a  

i n  Table V. After  the f i r s t  chloroform treatment  f u r t h e r  chloroform 

treatments  (without  i n t e r v i n i n g  incuba t ions )  caused l i t t l e  decrease i n  

mic rob ia l  numbers. This would i n d i c a t e  t h a t  t he  method of chloroform 

s t e r i l i z a t i o n  is n o t  gene ra l  as i t  a c t s  e f f e c t i v e l y  only upon a s p e c i f i c  

f r a c t i o n  of s o i l  microorganisms. Also, f o r  the microbial  f r a c t i o n  

r e s i s t a n t  t o  i t s  e f f e c t s  the method of s t e r i l i z a t i o n  is  r e l a t i v e l y  

i n e f f e c t i v e ,  causing reduct ions of only 504 i n  numbers a f t e r  each treatment.  
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Af ter  the f i r s t  incubat ion  the microbia l  numbers d id  no t  i nc rease  

wi th  subsequent incubat ions.  Perhaps a f t e r  the f i r s t  f l u s h  of m u l t i -  

p l i c a t i o n  l i t t l e  n u t r i e n t  mater ia l  remains i n  the s o i l  t o  support  

m u l t i p l i c a t i o n  o r  t h e  microorganisms a r e  unable to  u t i l i z e  the organic  

mat te r  i n  s o i l  f o r  growth e i t h e r  because the  organic  mat te r  t h a t  remains 

is  incapable  of  suppor t ing  m u l t i p l i c a t i o n  or because the  su rv iv ing  

organisms themselves do n o t  have t h e  metabol ic  c a p a c i t y  t o  u t i l i z e  the 

organic  matter. The t rea tments  themselves (wet t ing ,  d ry ing ,  i nocu la t ion ,  

exposure t o  chloroform vapor) apparent ly  do not  produce n u t r i e n t s  

from the  s o i l  organic  mat te r  capable of suppor t ing  c e l l  m u l t i p l i c a t i o n .  

The value of about 8 x 10 7 organisms/g s o i l  may r ep resen t  the p o i n t  

a t  which i n h i b i t i o n s  of  growth by organisms on one another  become 

e f f e c t i v e ,  p l ac ing  a l i m i t  t o  the e x t e n t  of m u l t i p l i c a t i o n  poss ib l e  

i n  the s o i l  samples. 

Since the source of n u t r i e n t s  f o r  organisms growing i n  unamended 

s o i l s  i s  the  organic  matter of  the s o i l  i t s e l f ,  the  p l a t i n g  medium tha t  

would support  t h e  growth of t h e  widest  range of microbia l  types and 

would b e s t  support  t h e i r  growth might be one t h a t  included n u t r i e n t s  

der ived  from s o i l .  However, s ince  s t e r i l i z i n g  procedures may a f f e c t  the  

metabol ic  c a p a b i l i t i e s  of surv iv ing  organisms, lead ing  t o  a requirement 

of  c e r t a i n  f a c t o r s  t h a t  are normally not  r equ i r ed  by the  unaf fec ted  c e l l s ,  

t he  medium must con ta in  a wide range of n u t r i e n t s .  

To explore  the  e f f e c t  of p l a t ing  medium on t h e  number of micro- 

organisms t h a t  give r i s e  t o  countable co lon ie s  on agar  p l a t e s ,  a 
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v a r i e t y  of media were used t o  determine the counts  of microorganisms 

i n  two d i f f e r e n t  s o i l s .  The r e s u l t s  are shown i n  Table V I .  

Media with low concentrat ions of s o i l  e x t r a c t  i n  mineral  base 

gave low counts  and smaller co lon ie s  compared t o  those  ob ta ined  with 

the  r e g u l a r  p l a t i n g  medium, i n d i c a t i n g  t h a t  these media a r e  poorer 

than the  r e g u l a r  p l a t i n g  medium. The var ious media con ta in ing  about 

t h e  same concen t r a t ion  of n u t r i e n t s  a s  t he  r e g u l a r  medium gave about  

the same counts.  

higher  counts ,  compared t o  t h e  contro1,about a s  much as 15% h ighe r  

for Dublin soil and 35% higher  for  Oxford s o i l .  The e f f e c t  on the  

numbers may be due e i t h e r  t o  a higher concen t r a t ion  o r  t o  a g r e a t e r  

v a r i e t y  of n u t r i e n t s ,  leading to  the growth of mic rob ia l  t y p e s  t h a t  

would form only t i n y  c o l o n i e s  on the r e g u l a r  p l a t i n g  medium. However, 

t hese  inc reases  may be an  a r t i f a c t  of the experiment s i n c e  halving 

t h e  concen t r a t ion  of the r e g u l a r  p l a t i n g  medium o r  r e p l a c i n g  the 

peptone by amino a c i d s  d i d  n o t  g r e a t l y  a f f e c t  the numbers. The d a t a  

are i n s u f f i c i e n t  t o  i n d i c a t e  whether high concen t r a t ions  of soil e x t r a c t  

l e a d  t o  t h e  growth of mic rob ia l  types t h a t  would n o t  form co lon ie s  on 

t h e  r e g u l a r  p l a t i n g  medium. I n  any event ,  t he  e f f e c t  i s  small and i t  

appears  t h a t  soil e x t r a c t  need not be an e s s e n t i a l  i n g r e d i e n t  of the 

p l a t i n g  medium. 

Media with high concen t r a t ions  of s o i l  e x t r a c t  gave 
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B. PERSISTENCE OF UREASE ACTIVITY IN IRRADIATED SOILS. 

AS con t inua t ion  of our previous s t u d i e s  on the p e r s i s t e n c e  of 

u rease  a c t i v i t y  i n  s o i l s  (1) we have examined the e f f e c t s  of l a r g e  

dosages of high-energy r a d i a t i o n  on the urease a c t i v i t y  i n  s e v e r a l  

l a t o s o l s .  

Mater ia ls  and Methods 

S o i l s .  The Dublin s o i l  has been s t o r e d  a i r - d r y  a t  room temperature 

f o r  12 yea r s .  

The Hawaiian l a t o s o l  samples were obtained through the cour t e sy  

of Dr. O.R. Younge from the Department of Agronomy and S o i l  Science, 

Un ive r s i ty  of H a w a i i ,  i n  1964. The Puerto Rico l a t o s o l  Nipe c l a y  was 

ob ta ined  through the c o u r t e s y  of D r .  R.A. Luse, A g r i c u l t u r a l  and Bio- 

s c i e n c e s  Divis ion,  Pue r to  Rico Nuclear Center. 

The d e s c r i p t i o n s  of s o i l s  a r e  summarized i n  Table V I I .  

The s o i l  organic  carbon content,  pH and the emmeration of organisms - 
h a s  been descr ibed i n  the previous r e p o r t  (1). 

Urease a c t i v i t y  determinat ion i n  s o i l s  was based on the d e t e c t i o n  

14 o f  C 0 

d e t a i l  be fo re  (1). 

r e l e a s e d  from CL4-labelled urea-ammended s o i l s  a s  descr ibed i n  
2 



Table VI1 

Descript ion of S o i l s  

' soil  Sample Descr ip t ion  

Dub1 i n  Contra Costa County, C a l i f o r n i a ,  adobe c l a y  loam, 

A horizon, s t e r e d  12 years. 

Kawaihae I s l a n d  of Hawaii, Red Desert l a t o s o l  loam, top  5 cm. 

Laha ina  I s l a n d  of Oahu, l a t o s o l  c lay ,  top 25 cm. 

Mahukona I s l a n d  o f  Hawaii, l a t o s o l  s i l t y  c l a y  loam, top  15 cm. 

Wahiawa I s l a n d  of Oahu, l a t o s o l  c lay ,  top 25 cm. 

Molokai I s l a n d  of Oahu, l a t o s o l  c lay ,  top 25 cm. 

Nipe I Puer to  Rico, l a t o s o l  c l a y ,  top 2.5 cm. 

Nipe I1 Same as Nip@ I, 15-25 c m  deep. 
- 

I r r a d i a t i o n  wi th  a n  e l e c t r o n  beam were c a r r i e d  ou t  a s  descr ibed 

previous ly  by McLaren e t  al .  (1962) wi th  the  LINAC e l e c t r o n  a c c e l e r a t o r  

of Lawrence Radia t ion  Laboratory, Univers i ty  of C a l i f o r n i a ,  ope ra t ing  

a t  5 MeV. 

The s o i l  t o  be i r r a d i a t e d  was sea l ed  i n  polyethylene bags made 

of  po lye thylene  tubing of 0.005 inch  th ickness .  The bags were placed 

on a plywood disc,  r o t a t i n g  i n  f r o n t  of t h e  beam (20 rpm), he ld  t a u t  

and t h e  s o i l  was pressed  aga ins t  the r i m  so t h a t  i t s  maximum th ickness  

d i d  n o t  exceed 2 cm; t h i s  ensured p e n e t r a t i o n  of beam energy through t h e  

e n t i r e  depth of s o i l .  

i n  the  s o i l  dur ing  i r r a d i a t i o n .  

0 
A temperature r ise  of only 7 t o  8OC was noted 
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3 7 

measurement of the change i n  o p t i c a l  d e n i s t y  of c o b a l t  g l a s s  by a 

s u i t a b l e  spectrophotometer.  The c h a r a c t e r i s t i c s  of t h i s  g l a s s  dosimeter 

f o r  u s e  i n  s o i l  s t u d i e s  have been desc r ibed  p rev ious ly  (2) .  

t o  determine the absorbed dose and the d i s t r i b u t i o n  of absorbed energy 

w i t h i n  the  i r r a d i a t e d  s o i l ,  t he  g l a s s  dosimeter c h i p s  were i r r a d i a t e d  

through var ious thicknesses  of a i r - d r y  s o i l .  

Absorbed doses i n  the  10 to 10 r a d  range were determined by a 

I n  o rde r  

The energy abso rp t ion  and p e n e t r a t i o n  c h a r a c t e r i s t i c s  i n  s o i l  are 

s imilar  t o  those i n  water having bu lk  d e n s i t y  of 1 (2) .  

The u rease  a c t i v i t y  i n  Dublin s o i l  was examined 5 years  a f t e r  

i r r a d i a t i o n ,  bu t  i n  Hawaii and Puerto Rico s o i l s  1 year a f t e r  

i r r a d i a t i o n .  The i r r a d i a t e d  s o i l s  were s t o r e d  i n  the o r i g i n a l  poly- 

e t h y l e n e  bags a t  room temperature and i n  a i r - d r y  s t a t e  f o r  the per iods 

ind ica t ed .  

Resu l t s  and Discussion 

It has been shown be fo re  by McLaren e t  a l .  (3) t h a t  s o i l  urease 

is  r e s i s t a n t  t o  high-energy i r r a d i a t i o n  and i t s  a c t i v i t y  i n  s o i l  

i n c r e a s e s  upon r a d i a t i o n - s t e r i l i z a t i o n .  A series cf  l a t o s o l s  were 

s u b j e c t e d  t o  4 Mrad (twice t h e  nominal s t e r i l i z a t i o n  dosage) and t o  

8 Mrad (4 times the  nominal s t e r i l i z a t i o n  dosage) 5 MeV e l e c t r o n  beam 

i r r a d i a t i o n .  The r e s u l t s  a r e  shown i n  Table VI11 and i n  Figure 1. 

6 S t e r i l i z i n g  dosage of 4 x 10 r ad  (4 Mrad) inc reased  u rease  

a c t i v i t y  i n  both Pue r to  Rico Nipe c l a y  samples and i n  the Hawaiian 
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Table V I 1  

I 
I 

Urease a c t i v i t y  i n  s o i l s  compared with s o i l  pH, organic carbon 

content,  and number of microbes. 

S o i l  urease PH Organic C Microorganisms 
C02 pm/g/hr. 3 m i l  1 ions / g  

Dublin 

Dublin 

Kawa ihae 

Kawa ihae 

Ka wa iha e 

Laha ina 

Laha ina  

Laha ina  

Mahukona 

Mahu kona 

Mahukona 

Molokai 

Molokai 

Molokai 

Wah iawa 

Wahiawa 

Wahiawa 

Nipe I 

Nipe I 

Nipe I 

Nipe I1 

Nipe I1 

Nipe 11 

5 Mrad 

4 Mrad 

8 Mrad 

4 Mrad 

8 Mrad 

4 Mrad 

8 Mrad 

4 Mrad 

8 Mrad 

4 Mrad 

8 Mrad 

4 Mrad 

8 Mrad 

4 Mrad 

8 Mrad 

1.156 5.7 2.75 

2.388 

0.905 5.9 4.0 

1.662 

0 695 

0.308 

0.298 

0.178 

0.083 

0.330 

0.206 

0.040 

0.049 

0.010 

0.154 

0 033 

t r aces  

0.144 

0.492 

0.030 

0.113 

0.442 

0.054 

5.7 2.5 

5.4 2.7 

6.6 1.6 

4.7 2.1 

5.1 5.41 

5 -2  5.35 

2.2 

4.7 

0.92 

0.34 

1.0 

0.081 

0.66 

0.27 



. o  

& : . c 

I Tr 
. . . . . . .  ' n  . . . . . . . .  J L' 

r I t n  
I- . . . . . . .  

' :. o . .  . . . . .  . . .  

II: 3 d l N  

I 3 d l N  

VMVIHVM 

I W Y O l O l 4  

V N l V H V l  

V N O Y n H V l 4  

I I I d 

0 - N 



. 

. 

49 

Mahukona, Molokai and Kawaihae s o i l s .  

i n  Lahaina, and cons iderably  i n  Wahiawa s o i l  samples. 

decreased urease  a c t i v i t y  i n  a l l  soils below the  non- i r r ad ia t ed  l e v e l s .  

Dublin s o i l  was examined 5 years  a f t e r  i r r a d i a t i o n .  It showed a 2.07 

times h igher  a c t i v i t y  than non- i r rad ia ted  d u p l i c a t e s  of  the same s o i l  

c o l l e c t e d ,  s t o r e d  and o therwise  t r e a t e d  the  same way. 

A c t i v i t y  decreased s l i g h t l y  

Doses of  8 Wad 

Evident ly ,  upon i r r a d i a t i o n  a n  i n t r a c e l l u l a r  s o i l  u rease  component 

becomes more a c c e s s i b l e  t o  the  subs t r a t e .  The inc rease  may be caused 

by an unhampered d i f f u s i o n  of s u b s t r a t e  and r e a c t i o n  products  through 

t h e  d i s rup ted  c e l l  membranes of dead organisms, or  due t o  t h e  f r e e  

urease  r e l e a s e d  i n t o  t h e  s o i l  from the  d i s i n t e g r a t i n g  organisms. 

The r e l a t i o n s h i p  of the apparent magnitudes of the  s o i l  u rease  

a c t i v i t i e s  a t  0, 4, and 8 Mrep doses may be v i s u a l i z e d  as a sum of  

s e v e r a l  phenomena tak ing  p l a c e  i n  the  s o i l  during i r r a d i a t i o n .  I n  a 

n o n i r r a d i a t e d  s o i l  ( ze ro  dosage) the  apparent  urease  a c t i v i t y  i s  a 

sum of e x t r a c e l l u l a r  moiety and a n  i n t r a c e l l u l a r  (bu t ,  according t o  

t h e  method, n o t  of v igorous ly  p r o l i f e r a t i n g  organisms) moiety. Upon 

i r r a d i a t i o n  the  e x t r a c e l l u l a r  moiety i s  i n a c t i v a t e d  a t  a ra te  

A/Ao = e-KD, whereas the i n t r a c e l l u l a r  moiety becomes a v a i l a b l e  t o  

a f i n i t e  maximum l e v e l  t o  the  s u b s t r a t e  due t o  the d i s r u p t i o n  of 

c e l l u l a r  membrane i n t e g r i t y ,  however, being i n a c t i v a t e d  a l s o  a t  t he  

same ra t e  as the  e x t r a c e l l u l a r  moiety. 

appear ,  f o r  example, t h a t  most of t he  urease  a c t i v i t y  i n  non- i r r ad ia t ed  

Nipe c l a y  would be i n t r a c e l l u l a r ,  whereas i n  Lahaina c l a y  most of  the 

u rease  a c t i v i t y  would be an  e x t r a c e l l u l a r  accumulation. 

Following t h i s  scheme i t  would 



Changes i n  urease  a c t i v i t y  i n  s o i l s  dur ing  a prolonged a i r  dry 

s to rage  would fol low a similar scheme (1). 

We have shown t h a t  i n  a dry urea-urease mixture  the  enzyme adsorbs 

water vapor a t  d i s c r e t e  r e l a t i v e  humid i t i e s  and c a t a l y z e s  the  hydro lys i s  

of urea (1, 4).  

component, t o  t h e  same experimental  condi t ions ,  the r e s u l t s  showed t h a t  

h y d r o l y t i c  a c t i v i t y  decreased with decreas ing  r e l a t i v e  humidity but  a 

measurable urea hydro lys i s  may s t i l l  be ev iden t  a t  80% r e l a t i v e  

humidity (1). 

around 95% r e l a t i v e  humidity ( 5 ) ,  t he  urease  a c t i v i t y  i n  s o i l s  below 

t h i s  r e l a t i v e  humidity l e v e l  may be a t r i b u t e d  t o  the  e x t r a c e l l u l a r  

enzyme, having the a b i l i t y  to adsorb water-vapor and hydrolyze the 

s u b s t r a t e  s i m i l a r  t o  t h a t  i n  v i t ro .  

By s u b j e c t i n g  Dublin s o i l ,  having i t s  n a t i v e  urease  

As the growth for most of the  s o i l  microorganisms ceases  

-- 
The p r e c i s e  phys i ca l  and chemical s t a t e  of e x t r a c e l l u l a r  urease  

i n  s o i l  i s  no t  y e t  understood, but i t  is apparent  t h a t  u rease  may be 

adsorbed on su r faces  of the  c o l l o i d a l  s o i l  p a r t i c l e s :  i n  a s o i l  

f r a c t i o n a t i o n  s tudy  t h e  h ighes t  u rease  a c t i v i t y  remained a s soc ia t ed  

w i t h  a lesp than 2 p diameter c lay  f r a c t i o n  (6).  

t h a t  u rease  may be cova len t ly  bound t o  o rgan ic  macromolecular s o i l  

components. Such hypothes is ,  of course ,  needs f u r t h e r  v e r i f i c a t i o n ;  

however, s e v e r a l  au tho r s  have repor ted  p r e p a r a t i o n  of c a t a l y t i c a l l y  

a c t i v e  enzyme d e r i v a t i v e s  covalen t ly  bound t o  organic  p o l y e l e c t r o l y t e  

copolymers, no tab ly  by Katchalski  and h i s  group (7). 

It i s  a l s o  poss ib l e  
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C. ADSORPTION AND REACTIONS OF CHITINASE AND LYSOZYME ON C H I T I N .  

The c u r r e n t l y  r e p o r t e d  phase of t he  i n v e s t i g a t i o n  of c h i t i n a s e  and 

lysozyme a c t i v i t y  i n  adsorbed s t a t e  on c h i t i n  i s  a con t inua t ion  of the 

previously descr ibed p r o j e c t  under the same t i t l e  (11,16,17,18,19) on 

enzyme k i n e t i c s  i n  s t r u c t u r a l l y  r e s t r i c t e d  sys  t e m s .  

Streptomycete 2 B  c h i t i n a s e  i s  adsorbed on c h i t i n  i n  the same amount 

i n  t h e  range from pH 4 t o  pH 10 (16) and the adso rp t ion  i s  no t  i n f luenced  

by va r ious  ions p r e s e n t  over a wide range of concen t r a t ion .  The same 

amount adsorbs i n  deionized water a s  i n  a 0.2 M N a C l  s o l u t i o n  (18). 

It w a s  observed t h a t  d i a l y s i s  of c h i t i n a s e  s o l u t i o n s  a g a i n s t  

d i s t i l l e d  water o r  weak b u f f e r s  always r e s u l t e d  i n  some l o s s  of a c t i v i t y  

(16). 

C a ,  Mg, Zn or Co sa l t s .  The presence of Ca i n  low concen t r a t ions ,  

The l o s s  could no t  be regained by subsequent a d d i t i o n  of Na, K, 

tc 

however, showed some s t i m u l a t i n g  e f f e c t  (18). 

confirmed t h a t  Ca has a s t a b i l i z i n g  e f f e c t  on c h i t i n a s e .  S imi l a r  Ca 

Repeated experiments 

U * 

e f f e c t  has been r e p o r t e d  a l s o  for  o the r  enzymes, e.g., e l a s t a s e  and 

p r o t e i n a s e  (7, 12, 20) .  It was found a l s o  t h a t  the p u r i f i c a t i o n  on 

DEAE-cellulose a t  pH 8.9 was more e f f e c t i v e  than a t  pH 8.4. Nevertheless ,  

t h e  p u r i f i e d  c h i t i n a s e  could be sepa ra t ed  f u r t h e r  i n t o  two f r a c t i o n s  on 

hydroxy lapa t i t e  column (19). 

On the b a s i s  o f  the foregoing, a t t empt s  were made t o  p u r i f y  t h e  

sbtained c h i t i n a s e  fractions f u r t h e r  i n  nrder t o  o b t a i n  enzyme f r a c t i o n s  

as  pure as p o s s i b l e  f o r  the use i n  the s tudy  of k i n e t i c s  of c h i t i n a s e  

a c t i v i t y  and s o r b t i v e  p rope r t i e s .  
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Mater ia l s  and Methods 

Most of the  m a t e r i a l s  and methods have been descr ibed  i n  the 

previous r e p o r t s  (11,16,17,18,19). 

Dispersed c h i t i n .  

Chi t inase  was obta ined  from the  s t reptomycete  s t r a i n  2B (11). 

Prepared as descr ibed  (11). 

The 

modi f ica t ions  i n  the procedure of p repa ra t ion  are  desc i rbed  below i n  t h i s  

r epor t .  

= 1.50 mg / m l  
280 Absorp t iv i ty  ( e x t i n c t i o n  c o e f f i c i e n t ) .  The va lue  A 

w a s  used f o r  c h i t i n a s e  obtained by the modifit-d procedure; the  value 

= 1.10 was used f o r  c h i t i n a s e  obta ined  as  descr ibed  before  (11,16). 
280 

Chi t inase  a c t i v i t y  was based on the amount of the  r e l e a s e d  N- 

acetylglucosamine,  as determined by the  DMAB method ( l l , l 5 ) .  

P ro te inase  a c t i v i t y  was determined by us ing  a modi f ica t ion  (6,21) 

o f  Kuni tz ' s  method (9) ,  as descr ibed previous ly  (19). 

DEAE c e l l u l o s e  and hydroxylapa t i te  g e l  (Bio Gel HT) were obtained 

from Bio-Rad Labora to r i e s ,  Richmond, Ca l i fo rn ia .  According t o  the 

manufacturer,  Bio G e l  HT was prepared by the method of K e i l i n  and Har t ree  

(Proc.  Roy. SOC. London, Ser.  8, - 124, 397 [ 1938 I ) .  
E l ec t rophores i s  appara tus  - Research S p e c i a l i t i e s  Co., model no. 

1400. Tota l  d i s t ance  along paper s t r i p  between t h e  l e v e l s  of buf fer  was 

48 cm. For each run  two 5 x 17 c m  oxoid c e l l u l o s e  a c e t a t e  s t r i p s  were 

used with two 11 cm w i d e  Whatman No. 1 f i l t e r  paper wicks. Distance 

between wicks: 15.0 cm. Voltages appl ied :  400 t o  600 V. 20 t o  200 

vg of p r o t e i n  i n  0.02 ml d i s t i l l e d  water were app l i ed  on each s t r i p .  
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The average d u r a t i o n  of each r u n  w a s  1 hour 40 minutes. Previous ly  

used methods (19) were used f o r  h e r e i n  desc r ibed  work. 

Buffers :  b a r b i t a l  (veronal),  Tris-EDTA-borate, and sodium phosphate 

have been desc r ibed  (19). 

Ponceau S s t a i n ,  0.2% i n  3$ aqueous TCA, used with 200 pg or  more 

p r o t e i n  a p p l i e d  t o  t h e  e l e c t r o p h o r e s i s  s t r i p .  

UV l i g h t  source.  A 100 W l o w  p r e s s u r e  Hg lamp, Hanovia SC 37, was 

used. The l i g h t  was passed through a 20% ace t ic  a c i d  f i l t e r ,  t h a t  

r e t a i n e d  184.9 q . ~  wavelength r a d i a t i o n  bu t  d i d  not  absorb 253.7 q.~ 

r a d i a t i o n .  

P r e p a r a t i o n  and p u r i f i c a t i o n  of s t reptomycete  213 c h i t i n a s e .  The 

l i q u i d  medium and cond i t ions  fo r  c u l t i v a t i o n  of Streptomycete 2 B  have 

been desc r ibed  (11). I t  should be noted t h a t  s l i g h t  v a r i a t i o n s  i n  

temperature  cause a change i n  t h e  l eng th  of i ncuba t ion  t i m e  t o  reach 

t h e  maximum c h i t i n a s e  a c t i v i t y  i n  the c u l t u r e  f i l t r a t e s .  Cu l tu re s  

p laced  on r o t a r y  shaker and incubated a t  28' - 31' show the h i g h e s t  

a c t i v i t y  a f t e r  about  4 days of  growth. A f t e r  t he  a c t i v i t y  peak i s  

reached i t  drops r a t h e r  r a p i d l y  and as much as 70% of  the  p o s s i b l e  

maximum y i e l d  of c h i t i n a s e  may b e  l o s t  by delaying p rocess ing  f o r  4 

to  5 hours.  

The f i l t r a t e  o f  streptomycetrr c u l t u r e s  i s  c lear  and a t  pH 7.4 t o  

pH 7.6. 
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I .  

I n  order  t o  o b t a i n  c h i t i n a s e  with a h ighe r  s p e c i f i c  a c t i v i t y  and 

a leas t  poss ib l e  contaminat ion by o t h e r  p r o t e i n s ,  t h e  following 

p u r i f i c a t i o n  procedure was developed. 

Step I. Concentrated Ca a c e t a t e  s o l u t i o n  was added t o  c u l t u r e  

+I- 
f i l t r a t e  t o  make i t  0.0005 M t o  0.001 M wi th  r e s p e c t  t o  Ca . I f  

(NH ) SO 

w a s  added as a p re se rva t ive ,  0.5 m l  per  l i t e r  of f i l t r a t e .  

p r e c i p i t a t i o n  w a s  n o t  followed on the same day, chloroform 4 2  4 

Step  11. Before (NH ) SO p r e c i p i t a t i o n ,  the pH of f i l t r a t e  was 
4 2  4 

a d j u s t e d  t o  7.0 with  approximately 6 M H PO 

added t o  0.7 s a t u r a t i o n .  

c e n t r i f u g a t i o n  bu t  on a Buchner funnel  over f i l t e r  paper and C e l i t e  

pad, t he  pH of acetate s o l u t i o n  should be made up t o  8.9 by adding 

d i l u t e d  NaOH, as less c h i t i n a s e  w a s  adsorbed on Cel i te  a t  pH 8.9 than 

a t  pH 7.0 (19). 

Ammonium s u l f a t e  w a s  
3 4' 

I f  the p r e c i p i t a t e  w a s  n o t  c o l l e c t e d  by 

P r e c i p i t a t e  was d i s so lved  i n  c o l d  a c e t a t e  so lu t ion ,  0.005 M i n  

Na-acetate and 0.001 M i n  Ca-acetate, pH 7.0. 

Ammonium s u l f a t e  from crude c h i t i n a s e  s o l u t i o n  was removed by 

d i a l y s i s  i n  the  cold.  Severa l  drops 

s o l u t i o n  were added t o  c h i t i n a s e  and 

acetate s o l u t i o n ,  pH 7.0, conta in ing  

Ca-ace t a  te . 

of 0.01 M C a C l  or Ca-acetate 
2 

d i a l y s e d  a g a i n s t  s e v e r a l  changes of 

0.005 M Na-acetate and 0.001 M 

S tep  111. DEAE-cellulose was washed and prepared a s  descr ibed  (11); 

except ,  i n s t e a d  of Na-phosphate a t  pH 8.4, a pH 8.9 s o l u t i o n  was used. 
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Columns were w e l l  e q u i l i b r a t e d  u n t i l  the  pH of the  outf lowing s o l u t i o n  

w a s  t he  same as t h a t  of the  added Na-phosphate. Actual ly ,  a t  pH 8.9 

the  phosphate s o l u t i o n  has  very minimal bu f fe r ing  capac i ty .  The pH 

of  the  d i a lysed  crude c h i t i n a s e  s o l u t i o n  was brought up t o  8.9 before  

pass ing  i t  through the  column. A t  t h i s  pH c h i t i n a s e  w a s  n o t  adsorbed 

on DEAE-cellulose but  o ther  p ro te ins  and colored phenol ic  compounds 

were r e t a i n e d  as long a s  pH did n o t  drop below 8.4 and while  t he  exchange 

c a p a c i t y  of c e l l u l o s e  was n o t  exhausted (19). 

Af t e r  pass ing  through the  DEAE-cellulose column c h i t i n a s e  s o l u t i o n  

became c o l o r l e s s  and the pH was ad jus t ed  t o  '7.0 with  d i l u t e d  H PO 

and a drop of 0.01 M C a C l  

3 4 7  
or Ca-acetate was added. 

2 

Step  IV.  The f i n a l  p u r i f i c a t i o n  of c h i t i n a s e  was done on 

hydroxy lapa t i t e  column, e q u i l i b r a t e d  wi th  0.001 M Na-phosphate bu f fe r ,  

pH 7.0, and the  s e p a r a t i o n  of p r o t e i n  bands was e f f e c t e d  by us ing  a 

concen t r a t ion  g r a d i e n t  o f  sodium phosphate. 

P a r t  of mixed c h i t i n a s e  p r o t e i n  w a s  adsorbed on hydroxy lapa t i t e  

on ly  l i g h t l y  or  no t  a t  a l l .  The f i r s t  a c t i v i t y  peak was e l u t e d  wi th in  

l i m i t s  of 0.001 M and 0.005 M Na-phosphate. The second a c t i v i t y  peak 

of c h i t i n a s e  was e l u t e d  with 0.01 M Na-phosphate (19). 

Both c h i t i n a s e  f r a c t i o n s  from seve ra l  runs  were pooled s e p a r a t e l y  

and kept  i n  f rozen  s t a t e  f o r  prolonged per iods  wi thout  any change i n  

a c t i v i t y .  S imi l a r ly ,  f u l l  a c t i v i t y  was r e t a i n e d  by ex tens ive ly  d ia lyzed  

and lyoph i l i zed  p repa ra t ions .  



57 

Resul t s  

The p r o p e r t i e s  of  t h e  "first peak" c h i t i n a s e  a f t e r  p u r i f i c a t i o n  

on hydroxy lapa t i t e  column were examined and compared with those of  the  

c h i t i n a s e  obta ined  by ammonium s u l f a t e  p r e c i p i t a t i o n  and p u r i f i c a t i o n  

on DEAE-cellulose a t  pH 8.4 and on Sephadex G - 5 0  a t  pH 7.0. 

Absorption spectrum shows a s i n g l e  maximum a t  277 q~ (F igure  3). 

mg/ml = 1.50. Ext inc t ion  c o e f i c i e n t  was found t o  be A 
280 

The c h i t i n a s e  s o l u t i o n  was d ia lyzed  co ld  a g a i n s t  s e v e r a l  

changes of d i s t i l l e d  water f o r  about  36 hours a t  a time. 

d ia lyzed  c h i t i n a s e  was 0.482. 

s o l u t i o n  w a s  d r i e d  on a watch glass i n  a drying oven a t  60 

7 hours ,  and kept  over P 0 i n  a d e s i c c a t o r  a t  room temperature f o r  

about  2 days. 

i1280 of  the 

A 5.0 m l  a l i q u o t  of d ia lyzed  c h i t i n a s e  

f o r  about  0 

2 5  
Weight of t h e  d r y  enzyme p r o t e i n  was 1.600 mg. It gave 

~2:' = 1.506. 

Another a l i q u o t  of the c h i t i n a s e  s o l u t i o n  was s i m i l a r l y  d ia lyzed  

and lyop i l i zed .  The exac t  weight of  a 1 m l  weighting g l a s s  w i t h  l i d  

and of a small g l a s s  boa t  was determined. The lyoph i l i zed  enzyme was 

p laced  i n  the g l a s s  boa t  and kept i n  d e s i c c a t o r  over n ight .  The pre- 

weighed boa t  with p r o t e i n  was placed i n  the weighing g l a s s ,  4.0 ml of 

g l a s s  d i s t i l l e d  water  was added and the  weight determined. Correc t ing  

for temperature the  exac t  weight and volume of water was est imated.  

The dry enzyme p r o t e i n  dissolved i n  water completely.  Af t e r  de te rmina t ion  

o f  absorbancy of 280 q.~ the  mg'ml was computed t o  be 1.493. 
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*'ml = 1.50. For The mean value from both measurements was A 280 

c h i  t i n a s e  obtained by the prev ious ly  used method, mg'ml =I 1.10. 

Both absorbancy values  were used t o  estimate the  amount of  enzyme i n  

corresponding c h i t i n a s e  so lu t ions .  The l a r g e  d i f f e r e n c e  i n  s p e c i f i c  

absorbance between the  two types o f  c h i t i n a s e  may be explained by the  

p o s s i b l e  d i f f e r e n c e s  i n  amino ac id  composition and t h e i r  r e l a t i v e  

amounts. 

E lec t rophore t i c  mob i l i t y  was t e s t e d  on c e l l u l o s e - a c e t a t e  s t r i p s  

u s ing  Tris-EDTA buf fe r  pH 8.6 (1, 19). 

moving toward cathode. In  c o n t r a s t ,  c h i t i n a s e  prepared by the 

ear l ie r  method separa ted  i n  3 bands, a l l  of them moving toward cathode 

Only one band was de tec t ed ,  

(19)  

A c t i v i t y  i n  the  r e l a t i o n s h i p  t o  pH was t e s t e d  a t  25' and a t  37O. 

The h i g h e s t  a c t i v i t y  a t  37' and i n  0.03 M Na-phosphate-acetate bu f fe r  

w a s  between pH 4.5 and pH 5.0 (Figure 2). 

i r r e v e r s i b l y  inac t iva t ed .  In comparison with the  prev ious ly  used 

c h i t i n a s e  the  a c t i v i t y  p a t t e r n  vs. pH was the same but  t he  a c t i v i t y  

va lue  w a s  doubled. 

A t  pH 11.0 c h i t i n a s e  w a s  

- 

An apparent  de l ay  i n  the  hydro lys is  rate was apparent ,  e s p e c i a l l y  

a t  l o w  enzyme concent ra t ions  (Figures  4,5,6 and 7). This behavior 

sugges t s  a p o s s i b i l i t y  t h a t  aside from the p reva len t  random s p l i t t i n g  

t h e  enzyme p re fe rab ly  would hydrolyze the ends of s u b s t r a t e  chains .  

As the  r e a c t i o n  cont inues  there  would be more (bu t  s h o r t e r )  cha ins  

a v a i l a b l e  and so more N-acetyl-glucosamine would be r e l e a s e d  i n  the 

same t i m e .  
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Both types  o f  c h i t i n a s e  prepara t ions  had a cons ide rab le  p ro te inase  

a c t i v i t y  (19). 

f a c i l i t a t e  the  s e p a r a t i o n  and pro te inase  a c t i v i t i e s .  

P u r i f i c a t i o n  on a hydroxy lapa t i t e  column d id  not  

S t a b i l i t y .  The 1.6 mg sample of dry  enzyme used f o r  absorbance 

de te rmina t ion  and d r i e d  a t  60°, w a s  d i s so lved  i n  5.0 m l  d i s t i l l e d  water  

and c e n t r i f u g e d  a t  h igh  speed. 

o f  the  d r i e d  p r o t e i n  was complete. The d i s so lved  sample was t e s t e d  f o r  

a c t i v i t y  of 37 . 
glucosamine i n  30 minutes, compared with 13.0 pg N-acetylglucosamine 

r e l e a s e d  by the  same amount of non-dialyzed c h i t i n a s e .  

t h a t  c h i t i n a s e  had 82% of the  o r i g i n a l  a c t i v i t y  r e t a i n e d  a f t e r  d i a l y s i s  

i n  the  c o l d  a g a i n s t  d i s t i l l e d  water f o r  36 hours ,  and subsequent dry ing  

There w a s  no sediment and d i s s o l u t i o n  

0 
The enzyme (6 pg per  m l )  r e l e a s e d  10.7 pg of N-acetyl- 

The r e s u l t s  showed 

0 i n  a i r  f o r  7 hours  a t  60 . On 

85% of  a c t i v i t y  was r e t a i n e d .  

method and r ece iv ing  a s i m i l a r  

a c t i v i t y  (17). 

It i s  l i k e l y  t h a t  n o t  a l l  

another  occas ion  a f t e r  a s i m i l a r  handl ing  

Chi t inase ,  prepared by the  prev ious ly  used  

t reatment  showed no or  only t r a c e s  of 

U 
Ca can be removed from enzyme p r o t e i n  

by d i a l y s i s  and t h e r e f o r e  the  enzyme is  more s t a b l e  t o  i n a c t i v a t i o n  if 

prepared i n  presence of  Ca . sf 

.Adsorption of  c h i t i n a s e  on c h i t i n  i n  a u n i v e r s a l  bu f fe r  medium 

w a s  the  same between pH 4.0 and pH 9.5. No adso rp t ion  peak was observed 

(Figcre  81, s i m i l a r l y  t o  the previously prepared c h i t i n a s e .  The amount 

adsorbed increased  i n  proport ion t o  t h e  enzyme concen t r a t ion  and 

showed no s a t u r a t i o n  l e v e l  (Figure 9) .  The amount of  c h i t i n a s e  adsorbed 

on  c h i t i n  i n  u n i v e r s a l  b u f f e r  was about  18 pg per m l  i f  250 pg per 

m l  both c h i t i n a s e  and c h i t i n  were present .  I n  phosphate-acetate  
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b u f f e r  the adsorbed amount of c h i t i n a s e  on c h i t i n  w a s  41 pg per m l  

a t  the same enzyme and s u b s t r a t e  concen t r a t ions .  A t  both cond i t ions  

the p rev ious ly  used c h i t i n a s e  would adsorb about 27 pg per ml (16). 

E f f e c t  of u l t r a v i o l e t  i r r a d i a t i o n .  I n  a l l  adso rp t ion  experiments 

t h e  amount of c h i t i n  i s  r a p i d l y  decreasing due t o  hydro lys i s  by 

c h i t i n a s e .  For each measurement the r e l e a s e d  N-acetylglucosamine w a s  

determined and the a c t u a l  amount o f  c h i t i n  p re sen t  during the  experiment 

was computed. Furthermore, c e r t a i n  changes i n  the s o r p t i v e  c h a r a c t e r i s t i c s  

of c h i t i n  while  undergoing degradat ion may take place.  It would be of 

va lue  t o  compare the observed adso rp t ion  values  with those of an i n a c t i v a t e d  

c h i t i n a s e  bu t  having an  unimpaired a ' b i l i t y  t o  adsorb on c h i t i n .  W e  

have demonstrated t h a t  h e a t  i n a c t i v a t e d  c h i t i n a s e  d i d  no t  adsorb on 

c h i t i n  (17). Prel iminary experiments were performed t o  demonstrate 

whether an i n a c t i v a t e d  b u t  adsorbing c h i t i n a s e  could be obtained by 

us ing  u l t r a v i o l e t  i r r a d i a t i o n .  

Ch i t inase  s o l u t i o n  (910 pg per  m l )  w a s  p i p e t t e d  i n t o  a p a r a l l e l -  

s i d e d  round q u a r t z  c e l l  and was kep t  under cons t an t  s t i r r i n g  while  

being i r r a d i a t e d .  Some i n a c t i v a t i o n  w a s  no t i ced  a f t e r  20 minutes of 

W i r r a d i a t i o n ;  a f t e r  2* hours of exposure 16% of a c t i v i t y  w a s  10s t. 

Adsorption of 2$- hours i r r a d i a t e d  c h i t i n a s e  on c h i t i n  w a s  96% as 

compared with c o n t r o l s .  

Apparently a more i n t e n s e  i r r a d i a t i o n  source and procedure is 

needed f o r  a complete r a d i a t i o n - i n a c t i v a t i o n  of c h i t i n a s e .  
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Discuss ion  

'? . There i s  no doubt t h a t  c h i t i n a s e  system of streptomyces i s  a 

complex one (2-5,8,10,11,14,15-19,22). It is no t  c l e a r ,  however, 

whether the d i f f e r e n c e s  i n  p r o p e r t i e s  of  c h i t i n a s e  from d i f f e r e n t  

s t reptomycete  s t r a i n s  are due t o  va r ious  r e l a t i v e  amounts of a number 

o f  s p e c i f i c  c h i t i n a s e s  i n  r e s p e c t i v e  organisms, or, whether t h e r e  a r e  

d i f f e r e n c e s  i n  p r o t e i n  s t r u c t u r e s ,  and, consequently,  i n  enzyme 

s p e c i f i c i t i e s .  Often the enzyme p r o t e i n s  of va r ious  s p e c i e s  chemically 

are c l o s e l y  r e l a t e d ,  and d i s t i n g u i s h a b l e  only by immunological methods (23). 

The chemical and phys ica l  c h a r a c t e r i s t i c s ,  behaviour and homogeneity 

of any c h i t i n a s e  p repa ra t ion  i s  wholly dependent on the "art1 '  of i s o l a t i o n  

and methods f o r  t he  determinat ion of a c t i v i t y  ( i .e. ,  a c t i v i t y  measurements 

based on DMAB c o l o r  r e a c t i o n  or on decrease i n  t u r b i d i t y  may g ive  widely 

d i f f e r i n g  r e s u l t s ) .  

c r y s t a l l i z a t i o n  of c h i t i n a s e  as y e t .  

There have been no r e p o r t s  i n  l i t e r a t u r e  regarding 

The following complicating f a c t o r s ,  among o t h e r s ,  were evident  

i n  our work: 

1. Ammonium s u l f a t e  f r a c t i o n a t i o n  y i e lded  s e v e r a l  f r a c t i o n s  of 

c h i t i n a s e  with d i f f e r e n t  p r o p e r t i e s ,  obtained by varying the 

pH and the  ammonium su lpha te  concentrat ion.  

2. It i s  only g e n e r a l l y  t r u e  t h a t  c h i t i n a s e  is  no t  adsorbed on 

DEAE-cellulose between pH 8.4 and pH 8.9. Also, during 

f r a c t i o n a t i o n  s e v e r a l  a c t i v i t y  peaks having c h i t i n a s e  and 

c h i t o b i a s e  a c t i v i t i e s  may be recovered. 

A t  pH 8.4 t o  pH 8.2 on DEAE-cellulose column ano the r  enzyme 
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p r o t e i n  f r a c t i o n  i s  r e l eased  t h a t  shows c h i t i n a s e  a c t i v i t y  

and may be sepa ra t ed  l a t e r  on sephadex G-50 column. This  

enzyme p r o t e i n  may be l o s t  completely i f  the pH i n  t h e  DEAE- 

c e l l u l o s e  column i s  not  permi t ted  t o  drop s l i g h t l y  below 

PH 8.4 (19). 

3. A complete s e p a r a t i o n  of c h i t i n a s e  and p ro te inase  a c t i v t i e s  

have been achieved only i n  few cases (8). 

h e r e i n  does n o t  remove p r o t e i n a s e  a c t i v i t y  from c h i t i n a s e ,  and 

p ro te inase  a c t i v i t y  i s  p r e s e n t  a l s o  i n  the  "second a c t i v i t y  

peak" c h i t i n a s e  from hydroxylapa t i te  column (19). 

The method descr ibed  

Nevertheless  a cons iderable  amount of information has been 

publ ished i n  the l i t e r a t u r e  regard ing  c h i t i n a s e  (Cf. - l i s t i n g ,  

r e f .  19) t o  f a c i l i t a t e  a thorough and d e t a i l e d  examinat ion of 

c h i t i n a s e  systems. 

Summary 

A modified procedure f o r  p repa ra t ion  and p u r i f i c a t i o n  of  the  

* 
s t rep tomycete  c h i t i n a s e  system is descr ibed  where Ca i s  used as a 

s t a b i l i z i n g  agent .  

Seve ra l  p r o p e r t i e s  of  t h e  obtained c h i t i n a s e  were compared wi th  those 

of  a more heterogeneous c h i t i n a s e  p r e p a r a t i o n  used previous ly .  

mg'ml = 1.50. It was found t h a t  A 

A homogenous enzyme p repa ra t ion  w a s  obtained.  

E lec t rophores i s  i n  Tris-EDTA 280 

buffer ,  pH 8.6, showed only one band moving toward cathode. 

a c t i v i t y  was a t  pH 4.5 t o  5.0 and the  a c t i v i t y  was i r r e v e r s i b l y  destroyed 

The h ighes t  
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a t  pH 11.0. Adsorption on c h i t i n  was dependent on the enzyme concen- 

t r a t i o n  b u t  no t  on t h e  pH (between pH 4.0 and 9.5). With 250 pg of 

each enzyme and s u b s t r a t e  present  i n  a 0.03 M Na-phosphate-acetate 

b u f f e r  a t  Oo, about 40 pg of c h i t i n a s e  p r o t e i n  w a s  adsorbed on c h i t i n .  

The higher  a c t i v i t y  and s t a b i l i t y  was a t t r i b u t e d  t o  the presence of 

Ca dur ing  p u r i f i c a t i o n  procedures. The enzyme showed a l s o  a high 
tc 

r e s i s t a n c e  a g a i n s t  W i r r a d i a t i o n .  

c 
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